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S U M M A RY

Estuaries are important geomorphic units of coastal zones, as they provide critical habitat and shelter for a large variety of living species and moreover, they
have a high economic demand. Due to different intensities of tidal currents at
the estuarine mouth and river discharge from land, estuaries show large variations in density stratification and are characterized by complex hydrodynamic
and sediment processes. Inspired by field observations and recent studies, this
thesis focuses on gaining further knowledge about three key issues, i.e., tidal
currents, residual currents and suspended sediment trapping in estuaries with
different density stratifications.
Several field studies in bays and estuaries have revealed pronounced subsurface maxima in the vertical profiles of either the current amplitude of the
principal tidal harmonic, or of its vertical shear. To gain fundamental understanding about these phenomena, a semi-analytical model is designed and analysed in chapter 2. The new analytical solutions of the tidal current amplitude
are used to explore their dependence on the degree of surface turbulence, the
vertical shape of eddy viscosity in the upper part of the water column and on
the density stratification. Sources of surface turbulence are wind and whitecapping. Results show three types of current amplitude profiles of tidal harmonics,
characterised by monotonically decreasing shear towards the surface, “surface
jumps” (vertical shear of tidal current amplitude has a subsurface maximum)
and “subsurface jets” (maximum tidal current amplitude below the surface),
respectively. The physics causing the presence of surface jumps and subsurface
jets is different. The “surface jumps” occur for moderate stratifications and
if the eddy viscosity in the upper part of the water column decreases faster
than linearly to the surface. Under these conditions, the turbulence is strong
enough so that near the surface the generation vertical shear of tidal currents
by the curvature of eddy viscosity overcomes the decay of the vertical shear
of tidal currents by turbulent exchange processes. “Subsurface jets” occur in
highly stratified conditions, in which turbulent vertical exchange of horizontal
momentum only takes place in the bottom boundary layer. Here, the primary
balance between local inertia, the horizontal pressure gradient force and the
friction causing an exponentially decaying oscillatory vertical structure of the
tidal current amplitude with increasing height above the bottom.
In chapter 3, residual currents generated by Eddy viscosity-Shear Covariance (ESCO) in a narrow estuary is investigated with a numerical model. New
aspects concern the dependence of the spatial structure of ESCO current on
(1) longitudinal depth variation for fixed semi-diurnal tidal forcing, (2) vary-
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ing amplitude of the semi-diurnal tidal forcing, and (3) mixed tidal forcing for
fixed stratification at the mouth. Here, mixed tidal forcing concerns an externally forced tide that contains one semi-diurnal and two diurnal constituents.
Regarding (1) and (2), it appears that ESCO current merely involves the components due to the semi-diurnal tide (uτ,M2 ) and quarter-diurnal tide (uτ,M4 ).
For a periodically stratified estuary, uτ,M2 is stronger than uτ,M4 in the middle
reach, and weaker in the upper (landward) and lower (seaward) reach, while
both show a two-layer structure with seaward current near the surface. For
weak stratification, uτ,M2 has a three-layer structure with seaward current in
the middle layer, while uτ,M4 has a two-layer structure and contributes significantly to the total residual current in the upper and lower reach. For a highly
stratified estuary, uτ,M2 dominates the ESCO current (being weak compared to
the total residual current), and it has a reversed two-layer structure (seaward
current near the bottom). Regarding (3), if diurnal and semi-diurnal tides are
of a similar order, the ESCO current due to diurnal tides dominates and it has
a two-layer structure. If diurnal tides prevail, the ESCO current induced by the
current that caused by the long-period variation in stratification is the main
contributor to the total residual current in the upper and lower reach of the
estuary. This long-periodic tide is generated by joint action of the two diurnal
components.
Chapter 4 investigates the longitudinal variation in locations where lateral
entrapment of suspended sediment occurs, as is observed in some tidal estuaries. In particular, field data from the North Passage of the Yangtze Estuary
are analysed, which reveal that in one cross-section two maxima of suspended
sediment concentration (SSC) occur close to the south and north side, while
in a cross-section 2 km down-estuary only one SSC maximum on the south
side is present. This pattern is found during both spring tide and neap tide,
which are characterised by different intensities of turbulence. To understand
longitudinal variation in lateral trapping of sediment, results of a new threedimensional exploratory model are analysed. The hydrodynamic part contains
residual currents due to fresh water input, density gradients, Coriolis force and
due to channel curvature induced leakage. The leakage is a net water transport
through the end of the cross-sections result from the depth integration of lateral residual current. It occurs because due to centrifugal forces, in the surface
water layer flows from inner bend to outer bend and causes a set up of water at the outer bend, where net water mass will overflow the channel bank.
Moreover, the model includes a spatially varying eddy viscosity that accounts
for variation of intensity of turbulence over the spring-neap cycle. By imposing
morphodynamic equilibrium (i.e., averaged over the tidal period, erosion balances deposition of sediment), the three-dimensional distribution of sediment
in the domain is obtained analytically by a novel procedure. Results reveal that
the occurrence of the SSC maximum near the north side of the first cross-section
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is by sediment transport due to curvature induced leakage. The sediment trapping at the south side is due to lateral density gradients. Coriolis deflection of
longitudinal current also contributes the trapping of sediment near the north
side. This mechanism is important in the upper estuary, where the current due
to lateral density gradients is weak.
The investigations that are reported in this thesis have provided new insight into several aspects of the dynamics of tidal currents, residual currents
and sediment trapping. Still, further aspects deserve attention in future studies
in estuaries. One example concerns the effect of depth variations in the lateral
direction and multiple tidal constituents (such that the spring-neap cycles related to semi-diurnal harmonics is accounted for) on the generation of ESCO
currents. Another example is the impact of tidal pumping (i.e., the net sediment
transport due to covariance between tidal currents and the tidally varying SSC)
on residual sediment trapping, which requires explicit resolving tidal motion
for better understanding. Moreover, it is also important to investigate the covariance between temporally varying eddy diffusivity and the temporally varying
vertical gradient of SSC on the residual trapping of sediment.
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S A M E N VAT T I N G

Estuaria zijn de overgangsgebieden tussen rivier (zoet water) (zout water). Het
zijn belangrijke geomorfologische eenheden van kustzone, o.a. omdat ze een
leefomgeving en schuilmogelijkheden bieden voor planten en dieren. Tevens
zijn estuaria vanuit economisch oogpunt belangrijk, b.v. voor transport van
mensen en goederen. Als gevolg van verschillende sterktes in getijstromingen
en in zoetwatertoevoer laten estuaria grote verschillen zien in dichtheidsstratificatie en worden ze gekenmerkt door complexe hydrodynamische en complexe
sedimentdynamica. Gemotiveerd door veldwaarnemingen en recente studies
ligt de nadruk van dit proefschrift op het verkrijgen van meer fundamentele
kennis over drie onderwerpen: getijstromingen, reststromingen en accumulatie
van fijn sediment in estuaria met verschillende dichtheidsstratificaties.
Diverse observationele studies in baaien en estuaria hebben het bestaan
aangetoond van maxima in de amplitudo van de stroomsnelheid, of in die van
de verticale schering van de stroomsnelheid, op locaties onder het wateroppervlak. Om het bestaan van deze fenomenen te doorgronden is in hoofdstuk 2
een semi-analytisch model ontworpen en geanalyseerd. De nieuwe analytische
oplossingen van de getijstroomamplitudo zijn gebruikt om hun afhankelijkheid
te bestuderen van de mate van turbulentie aan het wateroppervlak, de verticale
structuur van de turbulente verticale viscositeitscoëfficiënt in het bovenste deel
van de waterkolom en van de dichtheidsstratificatie. De bronnen van turbulentie aan het wateroppervlak zijn wind en het breken van golven. Resultaten
tonen aan dat er een drietal types profielen bestaan van de amplitudo van de
stroomsnelheid. Zij worden achtereenvolgens gekenmerkt door een monotoon
afnemende schering richting het wateroppervlak, door ‘surface jumps’ (verticale schering van de stroomsnelheidsamplitudo heeft een maximum onder het
oppervlak) en door ‘surface jets’ (de amplitudo van de stroomsnelheid heeft
een maximum onder het oppervlak). De ‘surface jumps’ manifesteren zich voor
matige dichtheidsstratificatie en voor een profiel van de turbulente verticale viscositeitscoëfficiënt dat sneller dan lineair afneemt richting het wateroppervlak.
In die omstandigheden kan nabij het wateroppervlak de generatie van verticale
schering van getijstromingen t.g.v. de kromming van de verticale turbulente viscositeitscoëfficiënt groter zijn dan de afname van de schering t.g.v. turbulente
menging. ‘Surface jets’ in estuaria en baaien manifesteren zich bij hoge dichtheidsstratificatie, wanneer er alleen significante turbulente uitwisselingsprocessen
plaatsvinden in een dunne grenslaag nabij de bodem. Hier zorgt de primaire
balans tussen lokale traagheid, drukgradiëntkracht en turbulente uitwisseling
van horizontale impuls voor een exponentieel afnemende oscillerende verticale
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structuur van de getijstroomamplitudo met toenemende afstand boven de bodem.
In hoofdstuk 3 is de dynamica van reststromingen, gegenereerd door ‘Eddy
viscosity-Shear COvariance’ (ESCO), in een nauw estuarium bestudeerd m.b.v.
een numeriek model. Zulke reststromingen ontstaan als de variatie van de turbulente viscositeitscoëfficiënt gedurende de getijperiode is gecorreleerd met
de schering van de getijstroming. Andere bronnen voor reststromingen zijn
o.a. rivierafvoer en horizontale dichtheidsgradiënten. Nieuwe aspecten die zijn
onderzocht zijn de gevoeligheid van de ruimtelijke structuur van de ESCO
stroming voor 1) longitudinale variaties in de waterdiepte voor constante getijforcering, 2) variaties in de amplitudo van het dubbeldaagse M2 getij bij de
monding van het estuarium en 3) ‘gemengde’ getijforcering, bestaande uit een
combinatie van één dubbeldaagse en twee enkeldaagse componenten, voor
dezelfde dichtheidsstratificatie nabij de monding. Met betrekking tot 1) en 2)
blijkt dat de ESCO stroming voornamelijk bestaat uit componenten die worden bepaald door het dubbeldaagse getij (u,M2) en door het M4 getij (u,M4).
Voor een periodiek gestratificeerd getij is u,M2 groter dan u,M4 in het middelste gedeelte van het estuarium, en zwakker in het landwaartse en zeewaartse
deel, terwijl beiden een tweelagenstructuur hebben met zeewaartse stroming
nabij het oppervlak. Voor zwakke stratificatie heeft u,M2 een drielagenstructuur, met zeewaartse stroming in de middelste laag, terwijl u,M4 een tweelagenstructuur heeft en tevens significant bijdraagt aan de totale reststroming
in het landwaartse en zeewaartse deel van het estuarium. Voor een sterk gestratificeerd estuarium is u,M2 de dominante ESCO component (welke zwak is
t.o.v. de totale reststroming) en deze heeft een ‘omgekeerde’ tweelagenstructuur, met zeewaartse stroming nabij de bodem. Met betrekking tot 3), als de
enkeldaagse en dubbeldaagse getijcomponenten van vergelijkbare grootteorde
zijn domineert de enkeldaagse component de ESCO stroming en deze heeft
een tweelagen structuur. Als de enkeldaagse getijcomponenten dominant zijn
t.o.v. de dubbeldaagse component blijkt de ESCO stroming vooral bepaald te
worden door de stroming welke wordt bepaald door de langperiodieke variatie
in dichtheidsstratificatie. Laatstgenoemde wordt opgewekt door het samenspel
van de twee enkeldaagse getijcomponenten.
Het onderwerp van hoofdstuk 4 betreft de longitudinale variaties van locaties in estuaria waar laterale accumulatie van fijn sediment optreedt. Zo blijkt uit analyse van waarnemingen in de ‘North Passage’ van het Yangtze Estuarium dat in een bepaalde dwarsdoorsnede twee maxima in zwevend stof
concentratie optreden (nabij de noord- en zuidzijde van deze sectie), terwijl in
2 km verderop (zeewaartse) dwarsdoorsnede er slechts één maximum (aan de
zuidzijde) blijkt te zijn. Deze patronen worden waargenomen gedurende zowel
springtij als doodtij, welke worden gekenmerkt door verschillende intensiteit
van turbulentie en verschillende dichtheidsstratificatie. Teneinde deze fenome-

samenvatting

nen te verklaren zijn resultaten van een nieuw driedimensionaal model geanalyseerd. Het hydrodynamische deel beschrijft reststromingen ten gevolge van
rivierafvoer, horizontale dichtheidsgradiënten, Corioliskracht en ten gevolge
van lekkage van kanaaldeel naar de overloopdelen. Laatstgenoemde wordt
veroorzaakt door kromming van het kanaal, welke zorgt voor een centrifugaalkracht waardoor water in de oppervlaktelaag van binnenbocht naar buitenbocht stroomt. Het model bevat verder een ruimtelijk variabele turbulente viscositeitscoëfficiënt, die ook veranderingen in intensiteit van turbulentie over de
spring-doodtij cyclus beschrijft. Door het toepassen van de conditie van morfodynamisch evenwicht (netto balans tussen erosie en depositie over een getijperiode) is de driedimensionale verdeling van sediment analytisch berekend d.m.v.
een iteratieprocedure. Resultaten laten zien dat het optreden van een maximum
in zwevend stof concentratie aan de noordzijde het gevolg is van sedimenttransport dat wordt veroorzaakt door de kromming geïnduceerde lekkage. De
dwarssnelheid welke wordt veroorzaakt door Coriolisafbuiging van de longitudinale snelheid draagt ook bij aan accumulatie van sediment aan de noordzijde.
Dit mechanisme is belangrijk in het rivierdeel van het estuarium, waar laterale
dichtheidsgradiënten (welke voor accumulatie van sediment nabij de zuidzijde
zorgen) zwak zijn.
De bevindingen welke zijn beschreven in dit proefschrift hebben tot nieuwe
inzichten geleid met betrekking tot de dynamica van getijstromingen, reststromingen en accumulatie van sediment in estuaria. Er zijn echter nog aspecten,
die verder toekomstig onderzoek behoeven. Een voorbeeld betreft de invloed
van laterale dieptevariaties en van getijforcering met meerdere dubbeldaagse
en enkeldaagse componenten op de generatie van ESCO reststromingen. Een
ander voorbeeld betreft het bestuderen van de rol van sedimenttransport t.g.v.
tijd variërende stroming en zwevend stof concentratie (bekend als ‘tidal pumping’) op de structuur van de tijdsgemiddelde zwevend stof concentratie te onderzoeken. Tot slot is het belangrijk om te onderzoeken in welke mate laterale
en longitudinale accumulatie van sediment wordt beïnvloed door netto sediment transport welke wordt veroorzaakt door correlatie tussen de verticale
turbulente diffusiecoëfficiënt en verticale gradiënten in zwevend stof concentratie.
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INTRODUCTION

This thesis discusses the hydrodynamics and sediment dynamics of estuaries
with different density stratification conditions. In this introduction, first (section 1.1) a physical definition of an estuary is given and some of its characteristics are described. After that (section 1.2), the relevance of studying hydrodynamics and sediment dynamics in estuaries is discussed, which is followed by
a brief review of the present knowledge and gaps (in section 1.3). Finally, in section 1.4 the research questions are formulated and the outline of the remaining
part of the thesis is presented.
1.1

estuaries and some of their characteristics

From a physical perspective, an estuary is defined as “a semi-enclosed body
of water which has a free connection with the open sea and within which
sea water is measurably diluted with fresh water derived from land drainage”
(Pritchard, 1967). Here, the focus is on temperate estuaries, in which the sources
of fresh water are rivers and the dilution is due to turbulent mixing that results
primarily from tidal currents that move over a rough bottom. Examples of such
estuaries are the Yangtze Estuary (east coast of China), the Ems Estuary (at the
German-Dutch border) and the James River Estuary (east coast of the U.S.).
As is shown in Figure 1-1, for a given estuarine geometry, the longitudinal
and vertical structure of the tidally averaged salinity is determined by the river
discharge at the head and the intensity of tidal currents at the mouth. For high
river discharge and weak tides, the estuary is known as a salt wedge estuary,
in which vertical profiles of the tidally averaged salinity profiles exhibit a sharp
pycnocline (Figure 1-1a). With smaller river discharge and stronger tides, the
salt water is mixed upward, fresh water is mixed downward and the conditions
in the estuaries change from strongly stratified (Figure 1-1b) to weakly stratified
(Figure 1-1c) and ultimately to well-mixed (Figure 1-1d).
The hydrodynamics and sediment dynamics of estuaries are quite complex
(Figure 1-2). The tides at the adjacent sea force currents in the estuary that con-
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Figure 1-1: Examples of longitudinal-vertical distributions of tide-averaged salinity
(black solid lines) in an estuary with different tidal forcing (intensity of tidal currents at
the mouth) and river discharge at the head. Adapted version of Figure 1.3, Chapter 1 of
Valle-Levinson (2010).

sist of different harmonics (Figure 1-2, the arrow denoted by 1 , see section 1.3
for details). The river discharge at the head forces a seaward directed current
(Figure 1-2, arrow 2 ) and also sets up a horizontal density gradient. The latter forces a so-called density driven current, which is directed landward near
the bottom and seaward near the surface (Pritchard, 1956; Hansen and Rattray,
1965). As the time scale of these currents is much larger than the period of the
dominant tide, it is called a subtidal current or residual current.
Tides also create residual currents (Figure 1-2, 3 ), owing to the nonlinear
hydrodynamics. For example, covariance between the rise and fall of tidal level
and the tidal currents generates a net landward water transport, which is compensated in the estuary by a seaward current, i.e., the Stokes return current
(Ianniello, 1977). Moreover, net advection of tidal momentum by tidal currents
(Fischer, 1972; Lerczak and Geyer, 2004; Huijts et al., 2009), channel curvature
(Lacy and Monismith, 2001; Chant, 2002) and the covariance of tidally varying
eddy viscosity and the vertical gradient of tidal velocity (Geyer and MacCready,
2014) are drivers of residual currents. Subtidal currents are further generated
by, e.g., wind (Scully et al., 2009) and are modified by Coriolis deflection due
to earth rotation (Winant, 2008). All subtidal currents together constitute the
so-called estuarine circulation. Subtidal currents also affect tidal currents (Figure 1-2, 4 ), e.g., by enhancing the bottom friction that the latter experience
(Godin, 1999; Hoitink and Jay, 2016).
Both tidal and residual currents not only directly transport salt (Figure 1-2
5 ) and sediment (Figure 1-2 6 ), but also affect salinity and SSC though turbu-
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1.1 estuaries and some of their characteristics

Figure 1-2: Sketch of physical processes in estuaries. Black dashed box denotes the area
of the estuary. Here, “ssc” denotes suspended sediment concentration.

lence (Figure 1-2 7 ). Moreover, turbulence erodes sediment from the bottom.
Meanwhile, salinity and suspended sediment concentrations (SSC) affect the
structure of turbulence (Figure 1-2 8 ) and of currents (Figure 1-2 9 ). For example, horizontal density gradients due to sediment concentration (Talke et
al., 2009a) induce a residual current, while vertical density gradients due to
salt and due to SSC suppress turbulence (Ozmidov, 1965). Furthermore, as the
settling velocity of sediment particles depends on salinity-induced flocculation
(Thill et al., 2001), SSC is also directly affected by salt (Figure 1-2 10).
The concepts discussed so far have been implemented in many different
models. Figure 1-3 illustrates, based on model results of Geyer and MacCready
(2014), how the competition between river discharge and tidal forcing results
in different stratification conditions at the estuary mouth. This classification
scheme uses two dimensionless parameters. The first parameter (Frf ) is the
freshwater Froude number, which is the ratio between the river discharge and
the scale of the maximum possible frontal propagation speed. The second parameter (M) is the ratio between the tidal timescale and the timescale of vertical
turbulent mixing. Figure 1-3 reveals that estuaries around the world show great
diversities in stratification, because of their different values of Frf and M. Moreover, within one estuary, e.g., the seasonal variation of river discharge results
in variations of Frf while the variation of tidal forcing (e.g. over a spring-neap
cycle) results in variations of M.
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Figure 1-3: Classification of estuaries according to hydrodynamics, in terms of the parameters Frf and M (adapted from Figure 6, Geyer and MacCready, 2014). Four stratification regimes, i.e., salt wedge (red), highly stratified (blue), weakly stratified (green)
and periodically stratified (yellow), are indicated in the diagram, which are separated
by red dashed lines. Here, the terms ‘highly stratified’ and ‘weakly stratified’ are used
instead of ‘Fjord’ and ‘Bay’ in the original paper. Estuaries at different locations of the
world are mapped in this figure via computing the values of Frf and M.

1.2 relevance

relevance

Understanding the hydrodynamics and sediment dynamics of estuaries is relevant for society. From an economic perspective, out of the 32 largest cities in
the world, 22 are located at the borders of estuaries (Ross, 1995). In many of
these estuaries, big harbours and waterways are being built and extended in
order to meet increasing economic demand. Physical insight into mechanisms
of water circulation and sediment transport allows for a more efficient infrastructure management, as e.g. navigation channels often suffer from significant
siltation and require extensive maintenance. For example, in the North Passage
of the Yangtze Estuary, after the construction of Deepwater Navigation Channel, a severe siltation of sediment occurred in its center part. The present-day
yearly dredging volume of sediment is an order of magnitude larger than the
amount before the construction (Fan, 2010).
Knowledge of estuarine circulation and sediment is also relevant for ecological reasons. Estuaries are among the most productive systems on earth.
They provide critical habitat and shelter for many fish nurseries, migratory bird
species, amphibians, and other wildlife. Changes in the patterns and intensities
of currents and SSC may have a negative effect on the functioning of estuaries.
Specifically, deepening of estuarine channels caused severe tidal amplification
(Winterwerp et al., 2013), which increases flood risk. Moreover, enhanced saltwater intrusion in deepened channels threatens freshwater resources (Wu et
al., 2010). Deepening also resulted in intensive increasing of SSC in the Loire
Estuary, Humber Estuary and Ems estuary, located respectively in France, UK
and Germany (see Winterwerp et al., 2013; Jonge et al., 2014, and references
herein). The high SSC frequently causes oxygen deficits because suspended
sediment contains organic material that consumes oxygen (Cox, 2003). Moreover, high SSC limits the light that is needed for phytoplankton to grow (see
e.g. the review by Cloern et al., 2013) and thereby reduces the amount of living
organisms.
1.3

overview of present knowledge and gaps

The focus of this thesis is on the role of density stratification on the dynamics
of tides, residual currents and SSC in estuaries. In the following subsections, a
brief state of the art of these three topics is presented.
1.3.1

Tidal currents

Tidal currents in estuaries are forced by tides in the adjacent sea. The latter
contain many constituents that originate from orbital motion of the moon, sun
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and earth, such as the semi-diurnal lunar M2 tide, the semi-diurnal solar S2
tide, the diurnal lunar O1 tide, the diurnal solar K1 tide and long-periodic tides.
Additionally, there are overtides (M4 , M6 , etc.) constituents that are generated
by the nonlinear nature of the hydrodynamics.
The structure of tidal currents in estuaries has been extensively studied
and successfully simulated with complex numerical models that apply sophisticated closure schemes for turbulence (e.g. Warner et al., 2005; Burchard and
Hetland, 2010). Besides, additional studies are important that focus on identifying and analysing processes that explain specific aspects of tidal currents. For
this, consider Figure 1-4 that shows examples of observed vertical profiles of
the M2 tidal current amplitude. The study of Heaps and Jones (1981) revealed
a pronounced surface maximum in the profile of the observed M2 tidal current
amplitude in the Liverpool Bay. This is referred to as a surface jump. In contrast,
field data from the Columbia River Estuary (Jay and Musiak, 1994, 1996) and
from the Yangtze Estuary (Jiang et al., 2013) show a vertical distribution of the
M2 tidal current amplitude with a subsurface maximum (i.e., subsurface jet).
To understand these phenomena, idealised models (e.g. Johns, 1966; Ianniello,
1977; Winant, 2007) are useful tools. However, these models treated turbulence
with simple time independent formulations of eddy viscosity, thereby neglecting the influence of density stratification on the structure of eddy viscosity
profile (Geyer et al., 2000). So far, the dynamic link between stratification conditions and vertical structures of tidal currents has not yet been systematically
investigated.
1.3.2

Residual currents

This thesis also aims at gaining more knowledge about the residual current that
is generated by covariance between tidally varying intensity of turbulence (measured by the eddy viscosity) and vertical shear of tidal currents. It was shown
by Ruijter (1983) and van Aken (1986) that horizontal advection (straining) of
density by vertically sheared currents affects density stratification. Simpson et
al. (1990) applied this concept to estuarine conditions and considered density
straining by tidal currents, i.e. tidal straining. They explained that during flood,
salt oceanic water is strained over fresher water, thereby causing an unstable
stratification that enhances intensity of turbulence. During ebb the opposite
occurs.
In a periodically stratified estuary, the residual current due to this mechanism has a structure that is similar to the ‘classical’ two-layer structure of the
residual current induced by a horizontal density gradient, i.e., seaward current
near the water surface and landward current near the bottom (Jay and Musiak,
1994; Stacey et al., 2001). Burchard and Hetland (2010) showed that this current
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Figure 1-4: Examples of observed M2 tidal current amplitude versus depth. For Liverpool Bay, adjusted versions of Figures 2 and 6 of Heaps and Jones (1981) are shown.
The blue triangle shows the location of the observation site. The red dashed line follows the observed data, which shows a surface jump, and the black solid line shows
model results. Regarding Columbia Estuary, adjusted versions of Figures 2 and 5a of
Jay and Musiak (1994) are presented. The red dashed line indicates the location in the
cross-section (blue arrow line) where the largest subsurface maximum is observed. For
Yangtze Estuary, an adjusted version of Figure 7 of Jiang et al. (2013) is shown. Red
dashed lines show the locations in the sampled section (blue arrow lines) where the
largest subsurface maxima occur.

is about twice as large as the density driven current. Cheng et al. (2011, 2013)
performed a numerical study on residual currents due to tidally varying eddy
viscosity in both periodically stratified, weakly stratified and highly stratified
estuaries. They found that with increasing stratification, these residual currents
first have a classical two-layer structure, next a three-layer structure and ultimately a ‘reversed’ two-layer structure (i.e., seaward current near the surface
and landward current near the bottom). Recently, Dijkstra et al. (2017), who
referred to the covariance between eddy viscosity and tidal shear as ESCO,
demonstrated that even if the external tidal forcing consists of only M2 , the
residual current due to the nonlinearly generated M4 tide also contributes to
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the total residual current. However, that study considered only constant depth
and the ESCO current was analysed at fixed locations and for a fixed river discharge and tidal forcing at the mouth. Additionally, all works mentioned above
only focus on the residual current that is induced by ESCO in the case that tidal
forcing is a single semi-diurnal tide. In many estuaries, tidal forcing consists
of multiple constituents (semi-diurnal, diurnal, etc.), which potentially induces
extra ESCO currents. This has not been investigated yet.
1.3.3

Trapping of sediment

Many studies have seeked for explanations of observed entrapment of suspended sediment in estuaries. This trapping is due to the convergence of tidally
mean sediment transport, which mainly result from two processes. These are
the sediment transport due to residual currents and that caused by covariance
of tidally varying SSC and tidal currents, i.e. tidal pumping (Dyer, 1988).
Regarding longitudinal trapping, a classical explanation is that it results
from the seaward transport caused by river flow and the landward transport
by the density driven current (Postma, 1961; Festa and Hansen, 1978). Later
studies also stressed the importance of convergence of sediment transport related to residual currents and tidal pumping (Jay and Musiak, 1994; Chernetsky
et al., 2010), and the dependence of sediment transport on horizontal variations
in density stratification (Geyer, 1993), flocculation and hindered settling (Winterwerp, 2002; Donker and Swart, 2013).
Regarding lateral trapping of sediment, Huijts et al. (2006) demonstrated
the importance of convergence of sediment transport related to the density
driven current and that caused by Coriolis deflection of the longitudinal residual current. Other studies demonstrated trapping of sediment related to lateral
trapping of sediment at a fixed cross-section due to lateral currents caused by
channel curvature (Kim and Voulgaris, 2008), boundary mixing at the slope of
the shoals (Chen and Sanford, 2009) and M4 tidal pumping (Yang et al., 2014).
There are few works that investigate the trapping of sediment in crosssections at different longitudinal locations, whereas longitudinal variations in
lateral trapping of sediment are frequently observed. Geyer et al. (2001) observed in the upper reach of the Hudson River Estuary elevated SSC at both
left and right sides of a specific cross-section, and near the mouth only one on
the left side of that cross-section (when looking into the estuary). Understanding such phenomena requires knowledge about the joint presence of longitudinal and lateral trapping processes. Kumar et al. (2017) developed an idealised
model that deals with three-dimensional structures of the turbidity field in wellmixed estuaries. However, the model uses a constant value for eddy viscosity,
which limits its application to well mixed estuaries.

1.4 research questions, methodology and outline of this thesis

1.4
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1. What is the quantitive role of tidally averaged density stratification, causing specific structures of the tidally averaged eddy viscosity in the water
column, in the occurrence of pronounced surface maxima and subsurface
maxima in the vertical distribution of the tidal current amplitude?
2. (a) How do spatial patterns and intensities of the residual current induced
by the covariance between tidally varying eddy viscosity and tidal shear
(ESCO) change if estuaries with varying longitudinal bottom slope are
considered?
(b) What is the quantitative role of tidally averaged density stratification
on the spatial structure of the residual current induced by ESCO?
(c) How does tidal forcing that contains both diurnal and semi-diurnal
tidal constituents affect the spatial patterns and intensities of the residual
current induced by ESCO?
3. (a) What physical mechanisms are responsible for observed longitudinal
variations in lateral distribution of suspended sediment in estuaries?
(b) What is the effect of differences in density stratification on the pattern
of suspended sediment distribution?
The first research question is addressed in chapter 2, where a new 1D vertical column model for tidal currents is presented. The new aspect concerns the
eddy viscosity profile, which is formulated such that it accounts for the bottom
turbulence, surface mixing and density stratification. This model has analytical
solutions for any choices of these three parameters. The model will be used to
study the vertical structure of the tidal current amplitude for different stratification conditions and its results will also be compared with field data of the
Liverpool Bay and the Yangtze Estuary (see Figure 1-3).
Chapter 3 focuses on the estuarine residual current induced by ESCO (research questions 2a, b and c). For this, the numerical model Delft3D-FLOW
(Lesser et al., 2004) will be applied to explicitly resolve the temporal and spatial structure of vertical eddy viscosity and tidal current at different locations in
a narrow estuary. The model will be used to systematically explore the dependence of residual current due to ESCO on longitudinal bottom slope, stratification (by varying external tidal forcing) and on tidal forcing that contains both
diurnal and semi-diurnal constituents. The residual current due to ESCO will
be decomposed into terms that are related to ESCO due to individual tidal harmonics that have different frequencies. The structure and relative importance
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of ESCO currents due to individual tidal harmonics with respect to the total
ESCO currents and total residual currents will be analysed.
Chapter 4 focuses on understanding observed longitudinal differences in
lateral distribution of sediment (research questions 3a and b). For this, a new
analytical model will be presented that describes hydrodynamics and sediment
dynamics in an idealised three-dimensional domain. The turbulence closure
scheme is based on the formulations developed in chapter 2. Model results will
be presented for different forcing conditions and compared to observations.
Finally, chapter 5 summarises the main results of the thesis and presents an
outlook for future research.

DYNAMIC LINKS BETWEEN SHAPE OF THE EDDY
V I S C O S I T Y P R O F I L E A N D T H E V E RT I C A L S T R U C T U R E O F
T I D A L C U R R E N T A M P L I T U D E I N B AY S A N D E S T U A R I E S

2.1

introduction

Tides are often a significant, if not dominant, constituent of the water motion
in bays and estuaries. Knowledge of the spatial and temporal characteristics
of tides is important, as they play a key role in e.g. the mixing and transport
of salt, sediment and nutrients. Nowadays, surface tides and tidal currents are
successfully simulated with detailed numerical models (e.g. Warner et al. 2005;
Burchard and Hetland 2010). These studies showed explicit results of tides obtained with models that apply second order closure schemes for turbulence,
which is parameterised with the coefficient of eddy viscosity. It appears that, in
order to achieve good representations of the vertical structure of tidal currents,
sophisticated formulations are required for vertical eddy viscosity, the latter
representing the degree of vertical mixing. When the main interest is rather in
gaining fundamental insight into tidal dynamics, i.e. to identify and analyse
processes that cause a specific observed feature, such models are less suitable
tools, owing to their complexity. For such purposes, idealised models have been
developed and analysed, which rely on simple formulations of eddy viscosity
(Johns, 1966; Ianniello, 1977; Friedrichs and Hamrick, 1996; Huijts et al., 2006;
Winant, 2007; Zitman and Schuttelaars, 2012).
This study focuses on two specific phenomena that appear in vertical profiles of the current amplitude of a single tidal harmonic component and which
are, as yet, not well understood. The first is called a surface jump (SJ-I) and it
is related to the presence of a subsurface maximum in the shear of the tidal
current amplitude (i.e., in the vorticity). It was observed by Heaps and Jones
(1981) in Liverpool Bay, but they were unable to capture it with their model
that uses a simple formulation for eddy viscosity. The second feature, called a
subsurface jet (SJ-II), refers to the presence of a subsurface maximum in the M2
tidal current amplitude itself. It was observed by Jay and Musiak (1996) in the
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Columbia estuary and by Jiang et al. (2013) in the Yangtze estuary.
Note that surface jumps and subsurface jets as defined above are not identical to surface and subsurface maxima in the instantaneous current during the
ebb or flood phase. This is because the instantaneous current comprises all tidal
harmonics, including overtides and residual currents. For example, subsurface
maxima during flood are frequently detected, but as already explained by Jay
and Musiak (1994), they may result from the joint effect of a primary tidal component (which shows no subsurface maximum in its current amplitude) and a
residual current and overtides. Likewise, Lacy et al. (2003) showed that of subsurface velocity maxima result from lateral tidal advection of slower moving
surface water from the margins of the estuarine channel.
The objective of the present study is to provide an explanation for the SJ-I
and SJ-II phenomenon in the vertical profile of the current amplitude of a primary tidal constituent, as is described above. Using a theoretical model, Lamb
(1932) and Prandle (1982) showed that in unstratified seas, tidal current amplitude maxima occur below the water surface if the thickness of the frictional
boundary layer is much smaller than the water depth. Such conditions would
require depths of at least several hundreds of meters. The way to obtain a
smaller boundary layer thickness in shallow bays and estuaries is by means of
density stratification. In particular, Geyer et al. (2000) showed that in partially
mixed estuaries the maximum viscosity occurs only a few meters above the
bottom, which is called the well mixed part of the boundary layer. Moreover, a
recent numerical study by Cheng et al. (2013) showed that, with increasing density stratification in an estuary, the maximum eddy viscosity becomes smaller
and its location shifts towards the bottom.
These considerations motivate the hypothesis of the present study, viz. the
emergence of surface jumps and subsurface jets is related to a specific distribution of eddy viscosity with depth, which results from bottom turbulence,
surface mixing and density stratification.
To test the formulated hypothesis, an idealised model has been designed,
which allows for new analytical solutions for tidal flow. Using these new solutions, a sensitivity study of the characteristics of tidal current amplitude profiles
to parameters that characterise a family of eddy viscosity profiles is conducted.
The subsequent sections are organised as follows: The model and methods
are introduced in section 2.2. In section 2.3, vertical structures of tidal current
amplitudes resulting from different eddy viscosity profiles are presented. Section 2.4 contains the discussion, including a physical interpretation of the results, and conclusions are presented in section 2.5.

2.2 model and methods

2.2.1

model and methods
Model

The along-estuary current is governed by the shallow water momentum balance
in terms of a scaled vertical coordinate σ = (z − η)/D. Here, z is a vertical
coordinate, z = 0 is the undisturbed water level, z = η is the free surface,
z = −h the bottom and D = h + η is the total depth. Thus, σ = −1 and
σ = 0 represent the bottom and and the free surface, respectively. This choice is
convenient because often field observations (Bowden and Sharaf El Din, 1966;
Lane et al., 1997; Jiang et al., 2013) are measured and analysed at levels σ =
constant. It is assumed that the amplitude Z of sea surface variation η is small
compared to the undisturbed water depth h. This identifies a small parameter
ε = Z/h. After applying the perturbation analysis similar to Ianniello (1977),
the model equation at leading order reads
∂u
∂η
1 ∂
∂u
= −g
+
(Av ).
∂t
∂x h2 ∂σ
∂σ

(2-1)

Here, u denotes the local along-estuary velocity, t is time, g =9.8 ms−2 is gravitational acceleration and ∂η/∂x is the along-estuary gradient of the free surface.
Note that for small ε, σ ' z/h, hence at this order of approximation output of
Eq 2-1 at σ-levels can be straightforwardly transformed to output at z-levels and
compared with field data collected at z-coordinates. (e.g., Jay and Musiak 1996;
Geyer et al. 2000). This equation has been shown to capture the gross characteristics of observed tidal flow quite well, in case that an appropriate formulation
for the vertical eddy viscosity coefficient Av is chosen (Friedrichs and Hamrick,
1996; Huijts et al., 2009). Note that in shallow bays, where depth is relatively
large and flow is unconstrained by side walls, the longitudinal tidal dynamics
may be also affected by Coriolis veering (Prandle, 1982; Soulsby, 1983; Souza,
2013). This will be further discussed in section 2.4.
The eddy viscosity coefficient Av is formulated as
Av = κ |u∗ | h Aσ .

(2-2)

where κ = 0.41 is the von Karman’s constant, u∗ is the friction velocity and Aσ
describes the profile of the eddy viscosity coefficient. Note that at the present
order of approximation (ε  1) σ = z/h, hence the function Aσ does not
depend on time.
At the bottom, the no-slip condition is applied:
u=0

at

σ = −1 + σ0 .

(2-3)
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In this expression, formally σ0 = z0 /(h + η) and z0 denotes the local roughness
length. In the present model η  h, consequently
σ0 =

z0
.
h

(2-4)

At the free surface, it is assumed that tidal motion is stress free and satisfies
the kinematic boundary condition
∂u
=0
∂σ

at

(2-5)

σ = 0.

2

Av

The along-estuary gradient of the free surface reads
∂η
dN
=
cos (ωt),
∂x
dx

(2-6)

with dN/dx prescribed and ω is the imposed radian frequency of the tide.
2.2.2

Formulation of eddy viscosity

In this study, the water column consists of two layers. A continuous family
of profiles of Aσ is considered, which include both classical profiles as well as
profiles that mimic key aspects of observed profiles of time-mean eddy viscosity.
The formulation for Aσ in Eq. 2-2 reads
Aσ = (σ + 1)(σp − σ),
Aσ = (AI − AS )

σ
σh

−1 6 σ 6 σh ;

(lower layer),

(2-7a)

n

+ AS ,

σh 6 σ 6 0;

(upper layer),

(2-7b)

in which AI = (σh + 1)(σp − σh ) ≡ Aσ |σ=σh .
Thus, Eqs. 2-7a and 2-7b contain four parameters, viz. σp , σh , AS and n (Figure 2-1). The introduction of two layers is based on the argument that the length
scale for mixing is related to the thickness of bottom boundary layer (Stacey
and Ralston, 2005; Ralston et al., 2008). Hence, the boundary layer height scales
with (1 + σp ); more details will be discussed in Section 2.4.
Physical arguments (e.g. the law of the wall) imply that there are three constraints on the eddy viscosity. First, dAσ /dσ is positive near the bottom. Second,
dAσ /dσ 6 0 in the upper layer, i.e. it is assumed that the turbulent mixing generated at the surface (by wind stress, breaking waves, etc.) is never larger than
the maximum turbulent mixing induced by the tide. Third, dAσ /dσ is continuous in the entire water column. This constraint is accordance with Ianniello
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Figure 2-1: Typical vertical distributions of the vertical structure of eddy viscosity Aσ .
The dotted line in the upper layer indicates the extension of function Eq. 2-7a into the
upper layer, to show the location of the level σ = σp .

(1977) and Cheng et al. (2013).
The first two constraints imply (1 + σp ) > 0 and AS 6 AI . Moreover, these
constraints suggest that Aσ attains its maximum in the lower layer. It follows
straightforwardly that this maximum value is Aσ,max = (1 + σp )2 /4 and it
occurs at σ = (σp − 1)/2, which must be below σ = σh . Thus σh > (σp − 1)/2
and the value of is determined by the third constraint. Finally, since σh 6 0
(see Eq. 2-7b), it follows σp 6 1, thereby overall values of parameter σp vary
between −1 and 1. A parameter ra = AS /Aσ,max is introduced hereafter to
indicate the relative degree of surface mixing with respect to maximum mixing.
The exponent n determines the shape of Aσ in the upper layer (n = 1 linear,
n = 2 parabolic, etc). Note that, ra = 1 together with the third constraint, implies a constant eddy viscosity Aσ = Aσ,max in the upper water layer and
therefore covers the case that n = 0. Hence, the formulation of eddy viscosity
contains three independent free parameters, i.e. σp , ra and n.
The dependencies of parameters σh and AI on σp , ra and n are shown in
Figure 2-2. By choosing values of σp , n and ra , the formulation Eq. 2-7 is able
to mimic different shapes of eddy viscosity profiles presented in earlier studies
(Figure 2-3), such as the combined parabolic and vertical invariant profile employed by Ianniello (1977) (Figure 2-3a), and the parabolic profile (Figure 2-3b)
studied by Burchard and Hetland (2010) and Zitman and Schuttelaars (2012).
Two typical profiles that manifest themselves if the water column is highly
stratified are shown by Burchard and Hetland (2010), as well as by Cheng et al.
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(2013). The formulation in Eq. 2-7 is also able to mimic these two profiles (Figure 2-3c and Figure 2-3d). Note that solutions can be obtained for any finite ra ,
no matter how small its value. Thus the choice ra  1 and σh = 0 yields the
parabolic eddy viscosity profile.
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Figure 2-2: Contour plots of parameters σh (a) and AI (b), defined in Eq. 2-7, as functions
of the free parameters ra and σp when n = 2.
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Figure 2-3: Different vertical profiles of eddy viscosity as governed by Eq. 2-7: a. σp =
−0.3, ra = 0.99; b. σp = −0.001, ra = 0.01 c. σp = −0.3, ra = 0.25; d. σp = −0.6, ra =
0.25.

2.2 model and methods

2.2.3

17

Linearisation of the friction

By definition, the friction velocity is related to the kinematic bottom shear stress,
as
Av ∂u
h ∂σ

.

(2-8)

σ=−1+σ0

Thus, the momentum equation (Eq. 2-1) with Av closed Eq. 2-2 is nonlinear.
To linearise the equation, here a representative constant ũ∗ is introduced to
replace |u∗ | in Eq. 2-2 and 2-8. It is assumed that, in a tidally dominant estuary
or bay, with this representative ũ∗ , the modified bottom shear stress gives the
same energy dissipation rate as the nonlinear bottom stress ρu∗ |u∗ | (Lorentz,
1922; Kajiura, 1964; Zimmerman, 1982). The consequence of linearisation of
Eq. 2-1, together with the forcing as given in Eq. 2-6 is that u is harmonic in
time and moreover, u∗ is harmonic in time, with amplitude û∗ . Development
of the energy criterion yields

ũ∗ =

8
û∗ ,
3π

(2-9)

which hereafter is referred to as the representative friction velocity. Hence, for
a selected Aσ , analytical solutions for tidal flow u are constructed that depend
on ũ∗ . With prescribed roughness height in the estuarine channel, an iteration
procedure is used to determine the linearised bottom shear stress and the eddy
viscosity coefficient.

2.2.4

Analytical solutions

Analytical solutions for the tidal currents governed by Eqs. 2-1 to 2-9 are
u = <{Ûe−iωt },

(2-10)

where < denotes taking the real part of a complex variable. Furthermore, Û is
the complex, σ-dependent amplitude of the tidal current. Note that Û = Ueiφ ,
with U the real-valued amplitude and φ the phase. Substitution of Eq. 2-10 into
Eq. 2-1 and using Eq. 2-2, with |u∗ | replaced by ũ∗ , and using Eqs. 2-3 to 2-7, it
follows that

Û = −i

g dN
p.
ω dx

(2-11)

2

u∗ |u∗ | =
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In this result, p is a function of h and σ. Explicit analytical expressions for p are
given in Appendix A for the cases n = 0, n = 1 and n = 2. For other values
of n, solutions in the lower layer are still analytical, but for the upper layer p is
determined numerically. Note that these expressions are readily programmed
(a sample Mathematica file is added as supplementary material), which allow
fast computations of tidal current profiles.

2

2.2.5

Methods

To test the hypothesis that the two SJ phenomena relate to specific vertical structures of eddy viscosity, different series of sensitivity experiments, in particular
for n = 1 and n = 2, were conducted. Solutions were obtained for different
values of ra and σp within their physically acceptable range of values (see Section 2.2.2).
For each combination of parameter values the possible occurrence of a “surface jump” (SJ-I) was assessed by checking the presence of local extrema in the
vertical shear of the tidal current amplitude. If a subsurface maximum in U,
called Umax , was detected, it should be sufficiently large with respect to the
surface value Us , in order to classify the profile as one having an SJ-II. For this,
the parameter ξ was computed, defined as

ξ=

Umax − Us
,
Us

(2-12)

If ξ > 0.01 the vertical profile of the tidal current amplitude was considered to
show an SJ-II.

2.3

results

Figure 2-4 shows eddy viscosity, tidal current amplitude and its vertical shear
(proportional to vorticity) for n = 2, ra = 0.2 and varying σp for the default
parameter values given in Table 2-1. The panels in this figure reveal that for
n = 2 there are combinations of σp and ra that yield different vertical structures
of the current amplitude. As is illustrated in Figure 2-4b, the profiles of the tidal
current amplitude for σp = −0.27 and −0.54 show a surface jump (SJ-I), as
follows from the presence of a subsurface maximum in the tidal shear for these
parameter values (Figure 2-4c). In contrast, for σp = −0.83 the profile of the
tidal current amplitude shows a subsurface jet (SJ-II); the value of parameter ξ,
as defined in Eq. 2-12, is ξ = 0.13.
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Figure 2-4: a. The vertical distribution of Aσ for different values of σp , n = 2 and
ra = 0.2, b. As a. but for the tidal current amplitude and c the corresponding vertical
distribution of the vertical shear. Other parameter values as in Table 1. Values for representative friction velocity ũ∗ , as defined by Eq. 2-9 are 0.033 m s−1 , 0.03 m s−1 , 0.02 m
s−1 and 0.01 m s−1
Table 2-1: Model input parameters for the default case
Parameter

Symbol

Value

Mean water depth

h

10 m

Tidal frequency

ω

1.4 ×10−4 s −1

Roughness height

z0

0.008 m

Sea surface gradient

dN/dx

1.4 ×10−5 m m −1

Figure 2-5 shows the regions in the σp -ra parameter space (for n = 1 and
n = 2, respectively) where the SJ-I/II phenomena occur. The SJ-I phenomena
are found in the lower middle part of the diagram for n = 2 (Figure 2-5b). In
the case when n = 1, the SJ-I phenomenon is not found. Instead, for values of
σp and ra where SJ-I is found if n = 2, the current amplitude in the case n = 1
increases almost linearly to the surface, as is shown in Figure 2-6a. Correspondingly, the velocity shear, i.e. the vorticity becomes a constant in the upper part
of the water column, before reaching the surface (Figure 2-6b). These results
suggests that the SJ-I occurs if the eddy viscosity in the upper layer of water
column decreases faster than linearly towards the surface (n > 1).
Another interesting result is that the SJ-II phenomenon is found in the left
part of the diagrams shown in Figure 2-5, both for n = 1 and n = 2. Note
that in the latter case, the areas where SJ-I and SJ-II phenomena occur partly
overlap, viz. between σp = −0.5 and −0.6. Indeed, as is shown in Figure 2-7,
for parameter values in the latter area the tidal current amplitude reveals both
SJ-I/II phenomena. The vorticity has a negative extremum near the surface of
water column and two positive extrema in the interior. Moreover, the maximum
current amplitude is found in the interior of the water column.
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Figure 2-5: Regions in the σp − ra parameter space where the SJ-I (surface jump) and/or
SJ-II (subsurface jet) phenomena occur. Panels a and b show results for n = 1 and n = 2,
respectively. The grey-shaded area indicates values of σp and ra that are physically
possible. The circles on the dashed line in panel b indicate the parameter values that
were used in Figure 2-4.

As has been stated in the previous section, the solutions for tidal flow were
obtained by an iteration procedure to determine the friction velocity u∗ . To
quantify the sensitivity of the model results to the choice of the bottom roughness hight σ0 , the friction velocity was computed for different values of the bottom roughness length z0 . The friction velocity, which relates to the shear stress
at the bottom, is not affected by the turbulence from the water surface and is
therefore not sensitive to the choice of ra and n. A transect for ra = 0.01, with
different σp , was selected to show the representative friction velocity (ũ∗ ) computed for three different values of the dimensionless bottom roughness length
σ0 = z0 /h, which represent respectively a smooth bottom (σ0 = 0.2 × 10−3 ), a
moderately rough bottom (σ0 = 1 × 10−3 ) and a rough bottom (σ0 = 2 × 10−3 ).
Results are shown in Figure 2-8. The representative friction velocities during
the tidal cycle are in general lower than 0.035 m s−1 and show the same dependency on σp . No linear relation is found between the representative friction
velocity and σp . Moreover, the difference in representative friction velocity between the smooth and rough bottom is small (less than 0.005 m s−1 ). With
the representative friction velocity, the eddy viscosity is computed and the results show that the values of the eddy viscosity coefficient range from 0 to
0.045 m2 s−1 , which are close to the values observed in the field (Bowden and
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Sharaf El Din, 1966; Jay and Musiak, 1996; Geyer et al., 2000) or calculated by
numerical models (Stacey et al., 2008; Cheng et al., 2013).
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Figure 2-7: a. The tidal current
amplitude computed with
the model for σp = −0.57,
ra = 0.01, n = 1 (solid line)
and n = 2 (dashed line). b.
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gradient of the tidal current
amplitude. Other parameter
values as in Table 1.
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Figure 2-8: The representative friction velocity ũ∗ computed with the model for n = 2
and ra = 0.01 for different values of the dimensionless roughness length σ0 .

2.4
2.4.1

discussion
Interpretation of σp

The physical meaning of σp is linked to the degree of stratification in the water
column. This can be understood as follows. Note that a decrease of σp in the
model implies a smaller thickness of the lower layer and a smaller value of
the maximum value of the eddy viscosity, AI (see Figures 2-1 and 2-2). This
means that the length scale of turbulent eddies generated by bottom friction
decreases with decreasing σp . As this is what typically happens if stratification
increases, a relationship was sought between σp and a measurable parameter
that quantifies stratification, viz. the estuarine bulk Richardson number (Dyer,
1997)

Ri = g

∆ρH
.
ρ0 Um 2

(2-13)

In this expression, ∆ρ is the residual density difference between bottom and
surface, ρ0 the reference density and Um is the depth averaged tidal current
amplitude. Thus, for different field sites values of Ri and σp were determined
from the observations. Results reported by Bowden and Sharaf El Din (1966)
for the Mersey Estuary, Jay and Musiak (1996) for the Columbia River Estuary,
Geyer et al. (2000) for the Hudson River Estuary, Li and Zhong (2009) for the
Chesapeake Bay and Basdurak et al. (2013) for the channel of James River Estuary, were used. Values of Ri were obtained from measured tidal current speed
and bottom-to-top density differences (see Appendix B for the data). Values
of σp were taken such that at each site the eddy viscosity profile in Eq. 2-7
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Figure 2-9: Relationship between bulk Richardson number Ri and σp as traced from
field studies and outcome of numerical models. The black line is the fit σp =
[exp(−0.78Ri 0.36 )]−1 − 1.

mimicked the tidally mean eddy viscosity profile, as was reconstructed from
observed shear stresses and velocity shear, or calculated from the numerical
model. The results are shown in Figure 2-9. Indeed, it reveals a relationship
between σp and Ri , viz. σp = [exp(aRi b )]−1 − 1 with a = 0.78, b = 0.36 and
with a goodness of fit coefficient (r2 ) of 0.86.
Further important insight into the meaning of parameter σp is obtained as
follows. By application of a Taylor expansion, the modelled eddy viscosity near
the bottom reads

Av

= Av
σ=−1+σ̃

+
σ=−1

σ̃ ∂Av
h ∂σ

+ ... = σ̃u˜∗ κ(1 + σp ) + ...,

(2-14)

σ=−1

in which σ̃ = (h + z)/D is a small relative height above bottom. This means that
the flow close to the bottom is logarithmic with a “modified” von Karman’s constant κ(1 + σp ). Based on Figure 2-9, it follows that σp decreases with increasing stratification. This finding is consistent with that found by Wang (2002), in
which the modified von Karman’s constant reads κ(1 + ARf )−1 . Here, A is an
empirical constant that does not depend on Rf , the latter being the flux Richard-
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son number, which is given by Mellor and Yamada (1974) as a function of the
so-called gradient Richardson number Rg as

1/2 
2
.
Rf = 0.725 Rg + 0.186 − Rg − 0.316Rg + 0.0346


(2-15)

In the present study, it was assumed that Ri ' Rg , following Dyer (1997). Equating the two expressions for the modified von Karman constant yields a relation
between σp and Rf , viz.

2

σp = (1 + ARf )−1 − 1.

(2-16)

Constant A was subsequently calculated by application of a least square fit
computed via Eq. 2-15 and Eq. 2-16, with Ri from the corresponding field data.
The computed A = 6.7 is close to values reported in earlier studies (Anwar,
1983; Wang, 2002).

2.4.2

Interpretation of ra

The behaviour of eddy viscosity is determined by sources of turbulent mixing.
For bottom-generated turbulence in an unstratified water column, the turbulent velocity scale is the friction velocity. As was argued by Stacey et al. (1999),
in shallow estuaries the turbulent velocity decreases linearly towards the surface, as in the absence of a wind stress there is no stress at the latter location.
Assuming the length scale of the eddies to be the distance above the bottom,
the parabolic eddy viscosity profile is found, which is used in many studies
(Burchard and Hetland, 2010; Zitman and Schuttelaars, 2012). However, there
might be additional sources of turbulent mixing at the water surface, viz. breaking waves (whitecapping), wind stress, etc. To account for these sources, the
eddy viscosity profile is modified such that Av (σ = 0) 6= 0. Thus, parameter ra ,
defined as the ratio of the eddy viscosity at the surface and the maximum eddy
viscosity in the water column, measures the relative importance of surface mixing.

2.4.3

Physical conditions resulting in surface jumps and subsurface jets

The information from the previous subsections will now be used to explain
why for specific combinations of parameters σp , ra and n the surface jump
(SJ-I) and/or the subsurface jet (SJ-II) phenomenon occurs. The presence of
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SJ-I requires a subsurface extremum in the vertical shear of the tidal current
amplitude. Now consider the equation for vertical current shear, which follows
from deriving Eq. 2-1 with regard to σ:


∂Av ∂2 u
∂2 Av ∂u
∂2 ∂u
+2
+ Av 2
2
2
∂σ ∂σ
∂σ ∂σ
∂σ ∂σ


.

(2-17)

If this equation is considered in the area where the current shear attains a maximum, the second term on the right hand side is small (vanishing curvature of
the current). The third term acts diffusive, therefore it reduces tidal shear. Thus,
in order to have local increase of the tidal shear, it should be generated by the
first term at the right hand side. Clearly, this occurs if Av,c = ∂2 Av /∂σ2 is positive. Note that for a parabolic eddy viscosity profile, Av,c is negative, therefore
no SJ-I occurs in this case. The same holds for the eddy viscosity profiles considered in this study if parameter n 6 1. Thus, a necessary condition for the SJ-I
to occur is that eddy viscosity decreases faster than linearly (n > 1) towards
the surface. Physically, this means that for SJ-I to occur, a surface pycnocline
must be present in which mixing is reduced and in which tidal shear increases.
The reason why SJ-I only occurs for moderate stratification (σp ∼ −0.5 − 0) is
that in the strongly stratified case the maximum mixing is weak, hence Av,c
itself is small and in Eq 2-17 the first term on the right hand side is too small
to overcome the diffusive third term. Solutions of Eq 2-1 for other values of n
support the previous analysis. Further details are shown in the supplementary
material.
The presence of a subsurface jet is related to the ratio of the thickness of the
turbulent boundary layer hb and the water depth h. As was already stated in
the introduction, Lamb (1932) and Prandle (1982) showed that in unstratified
waters subsurface maxima in the profile of the current amplitude of a harmonic
constituent occur if hb  h, where hb ∼ (Av,max /ω)1/2 . Typically for tides,
hb ∼ h and thus the SJ-II phenomenon does not occur. However, if the water
column becomes more stratified, mixing is suppressed and thus hb becomes
smaller. This explains why the SJ-II phenomenon in the present model occurs
for small values of (1 + σp ). The value of ra does not control the occurrence of
SJ-II, as long as it is within the imposed range 0 6 ra 6 1. This is because for
strong stratification the maximum mixing Av,max is small, hence also surface
mixing will be small. Furthermore, note that the presence of SJ-II is also independent of the value of n; the physical control parameter is hb /h, which in this
model is controlled by σp (stratification) and the magnitude of the pressure
gradient force (which affects friction velocity ũ∗ ).

2

1
∂ ∂u
= 2
∂t ∂σ
h
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2

2.4.4

Comparison of modelled and observed vertical structures of tidal current amplitudes

So far model results have been shown for fixed values of parameters, like depth
and pressure gradient force (see Table 2-1). As is shown in Figure 2-5, regimes
were identified in the σp − ra parameter space for which the model simulates
the SJ-I and/or SJ-II phenomenon. An important question to address is whether
the model is also able to mimic the SJ phenomena for parameter values that are
representative for the sites where these phenomena were actually observed.
First, the case of Liverpool Bay was investigated, where the observed tidal
current profile shows an SJ-I phenomenon (Heaps and Jones, 1981). The depth
h = 44 m was obtained from their paper. Time series of observed salinity data
were obtained from Simpson et al. (2002), whose field site LB2 is close to that of
Heaps and Jones (1981). Thus, the tidally mean bulk Richardson number as defined in Eq. 2-13 was estimated by assuming that stratification was similar at the
two locations. Here ∆ρ = β∆S, where ∆S is the tidally mean top to bottom salinity difference and β being the saline contraction coefficient ∼ 0.78 kgm−3 psu−1 .
For these parameter values, the regions in the σp − ra parameter space where
the SJ-I/II phenomena occur are similar as those computed by the model with
the default parameter setting (Figure 2-5b). The value of σp that corresponds
to Ri was obtained from Figure 2-9. The result is σp = −0.21, which falls in
the regime where SJ-I is found (see Figure 2-5). The pressure gradient was
prescribed such that the depth averaged east-directed tidal current amplitude
was similar to that observed by Heaps and Jones (1981). The surface turbulent
parameter ra was calculated by application of a least square fit between the
observed and the modelled velocity in the upper water column. With ra = 0.01,
the model captures the SJ-I phenomenon (see Figure 2-10a) shown by Heaps
and Jones (1981). Note that ra may vary due to time variations in wind stress
and whitecapping. The results of Figure 2-5 indicate that if n = 2 and ra > 0.4
(surface mixing that is larger than approximately 40% of the maximum mixing
induced by tides) or n 6 1, then the subsurface jet will vanish. The model result
suggests that in this specific case, ra = 0.01, so surface mixing is weak. This
is consistent with the weak wind of 2.5 m s−1 (weatherspark.com) during the
12-hours data taken in April 8 to 9, 1977 (Wolf, 1980). Average wind conditions
at this site are a factor 3 larger, thus resulting in larger ra . This might explain
why the SJ-I is not present in the current profile shown by Heaps and Jones
(1981) for a full month of data.
Second, the case of the Yangtze Estuary was investigated, where the SJ-II
phenomenon was detected by Jiang et al. (2013). The default values for mean
water depth, roughness height (see Table 2-1) and n = 2 were used in this
case. Moreover, salinity and along-channel velocity data were obtained during
the field campaign in August, 2012 at a location close to where the M2 tidal
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Figure 2-10: Vertical profile of the tidal current amplitude. Observed values are represented by stars ∗ and model results are represented by black lines. a. The comparison
between the model profile and that reconstructed from field data by Heaps and Jones
(1981) at a site in Liverpool Bay. b. As a., but for at location close to station CS3 in the
Yangtze Estuary (Jiang et al., 2013).

current amplitude shows a subsurface jet. A similar procedure as for the Liverpool Bay case was conducted, resulting in σp = −0.78 and ra = 0.2 for the
Yangtze estuary. Figure 2-10b shows that the model is able to capture the observed profile of the tidal current amplitude. The subsurface maximum is also
found for the tidal current amplitude during neap tide in the dry season at the
same location. It implies that this is a persistent phenomenon in the Yangtze
estuary. As the data were obtained in the estuarine turbidity maximum region,
sediment-induced stratification is important in causing the decrease of the bottom boundary layer height (Song and Wang, 2013).
2.4.5

Effect of earth rotation on tidal current profiles

The earth rotation causes veering of tidal current with depth. To account for
this, an extension of the model to two horizontal directions was made, following Bowden et al. (1959), Prandle (1982) and Soulsby (1983), to study the effect
of earth rotation on the results. The present work applied the derivation similar
to that presented by Soulsby (1983). The complex tidal current amplitudes Û
and V̂ are written as

Û = R+ + R− ;

(2-18a)

V̂ = iR+ − iR− ;

(2-18b)
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in which, the anticlockwise R+ and clockwise R− velocity vector read

2

R± = −i

g
S± p± .
ω±f

(2-19)

Here, the quantities S+ and S− represent anticlockwise and clockwise rotary
components of surface gradient, respectively, and f(∼ 10−4 s−1 ) is the Coriolis parameter. Moreover, the complex function p as introduced in Eq. 2-11 is
also subdivided into anticlockwise (p+ ) and clockwise (p− ) components. The
expressions for p± follow p by replacing δ in expressions Eq. 2.A.1a and 2.A.1b
of Appendix A by δ± , in which δ± = κũ∗ /[h(ω ± f)].
Soulsby (1983) showed that at the observation site of Heaps and Jones (1981)
the depth mean tidal current is almost rectilinear. The surface gradient components (S± ) are therefore solved by imposing the constraint that the depth mean
tidal current amplitudes are a given Umean and Vmean = 0. The solutions become
1
Umean
2



i
V̂ = Umean
2



Û =

p+ p−
+
P+ P−



p+ p−
−
P+ P−



,

(2-20)

.

(2-21)

and

The quantities P± are depth mean values of p± . The computed eccentricity is
below 10%, which is consistent with that was found in Souza (2013). It suggests
that veering of the tidal current due to earth rotation is small at the site of the
Heaps and Jones (1981) and that the surface jump on tidal current amplitude
is still found (Figure 2-11). It turns out that earth rotation slightly enhances the
surface jump.
2.4.6

Model limitations and potential other drivers of surface jumps and subsurface
jets

The model that is presented in this study is highly idealised. It only describes
tidal flow at a specific point, so the sea surface gradient has to be imposed,
rather than that it is computed by the model. Furthermore, the formulation
for eddy viscosity has three independent parameters, where two of them (σp
and ra ) have a clear physical meaning. Values of n can only be estimated from
known eddy viscosity profiles, e.g. calculated with a numerical model that
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Figure 2-11: Vertical profile of the M2 tidal current amplitude. Parameter values are as
in Figure 2-10a. Solid line and dashed line represent the result for the case without and
with the Coriolis effect, respectively.

employs a sophisticated closure for mixing, or reconstructed from data. Limitation of the present model is that it only allows for analytical solutions if
n = 0, 1 and 2. This however in itself is not a serious limitation, as numerical
solutions of the present model for any n can be obtained by straightforward
means (see supplementary material S.1.1). It has been mentioned in section
2.2 that the applied linearisation approach is suitable in weakly to partially
stratified water columns, where the tide is the main constituent of the water
motion. In highly stratified estuaries, where residual current is of the same order of magnitude, or even larger than tidal flow, the eddy viscosity computed
by Eq. 2-2 is too small because the value of ũ∗ obtained by means of the imposed linearisation procedue is underestimated. Finally, it should be realised
that several field studies have revealed complex vertical profiles of eddy viscosity (Bowden and Sharaf El Din, 1966; Geyer et al., 2000; Basdurak et al., 2013),
which can not be captured in detail by the eddy viscosity formulation that was
used in this study.
It is also relevant to identify and discuss other potential drivers of surface
velocity jumps and subsurface velocity jets that were not considered in this
study. Before doing so, it is once more stressed (see also the introduction) that
here the focus is on vertical profiles of current amplitudes of a single tidal
constituent, rather than on profiles of instantaneous currents during flood and
ebb, as were investigated by Jay and Musiak (1994) and Lacy et al. (2003). The
crucial difference is that instantaneous currents include all tidal harmonics and
consequently, a subsurface jet in an instantaneous current profile does not necessarily imply a subsurface jet in e.g. the M2 tidal current amplitude. This is
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apparent from Figure 4 of Jay and Musiak (1994), from which it can be concluded that a superposition of an M2 tidal current (showing no SJ-I or SJ-II)
and a residual current that is seaward in the upper layer and landward in the
bottom layer may result in a subsurface jet during flood, and in a surface jump
during ebb.
A different driver of surface jumps in the current amplitude of a tidal constituent is wind. If the wind stress varies periodically in time and has a positive correlation with the direction of the tidal current induced by a specific
harmonic, it will create a surface jump (SJ-I) in the current amplitude of that
tidal harmonic. An area where this might occur is San Francisco Bay, where
the wind has a pronounced diurnal variation and where strong diurnal tidal
constituents occur (Conomos et al., 1985).
Other potential drivers of SJ-I and SJ-II phenomena are advection terms,
which were neglected in the present study because it was assumed that the amplitude of the sea surface variations is much smaller than the depth. If advection
terms are not small and the instantaneous current also contains a residual component and overtides, they affect the profile of the tidal current. The arguments
below apply to the M2 tidal harmonic. As a first example, consider the advection of M2 tidal momentum by along-channel residual currents. Furthermore,
assume that the tidal current amplitude decreases towards the land and that
the residual current is seaward in the upper layer and landward in the bottom
layer, as is the case in many estuaries. Advection of M2 tidal momentum by
this residual current results in a reduction of the M2 current speed near the
surface and an intensification of the M2 current speed near the bottom. This
process thus leads to the occurrence of an SJ-II phenomenon.
As a second example, assume the advection of residual along-channel momentum by the tidal current. Consider the same conditions as in the first example, with the additional information that the residual overturning intensifies
when moving into the estuary; this is typically the case at the seaward side of
the salinity front. In that area, advection of residual current by the M2 tidal
current causes the M2 tidal current speed to increase in the upper layer and
to decrease in the lower layer. It thus leads to an SJ-I phenomenon. Further
details, as well as other examples including lateral advection of along-channel
momentum, are given in the supplementary material S.1.2.
Additional potential drivers of SJ-I and SJ-II are vertical gradients of turbulent stresses that vary at the M2 tidal period and that arise from timedependent mixing. Examples are stresses generated by the product of the M2
component of vertical eddy viscosity Av and a residual current shear, by the
M4 component of Av and M2 tidal shear, etc. In tidally dominated estuaries,
which are considered in this study, these turbulent stresses are small compared
to the turbulent stress that is retained, i.e. the one that originates from the
product of the mean eddy viscosity and tidal shear. The M2 component of Av
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describes tidal asymmetry in mixing that for example results from tidal straining of the density field, by both along-channel tidal flow (Simpson et al., 1990)
and lateral tidal flow (Lacy et al., 2003; Lerczak and Geyer, 2004). Moreover, an
M2 component in Av is generated by the friction velocity u∗ that results from
the joint action of all tidal harmonics. The M4 component of Av is mainly generated by tidal variation of the friction velocity. Whether the turbulent stresses
related to time-varying mixing result in SJ-I and SJ-II depends on the vertical structure of both the harmonic components of Av and the instantaneous
current. These depend on stratification and have to be determined from the
analysis of either field data or from output of numerical models.
2.5

conclusions

The core objective of this study was to explain why at some field sites vertical
profiles of observed tidal current amplitudes show either a subsurface maximum in the shear (surface jump) or a subsurface maximum in the current
amplitude itself (subsurface jet). The key hypothesis was that these phenomena are related to site specific conditions, in particular density stratification
and sources of turbulence at the surface. The hypothesis was tested within the
context of a new, semi-analytical model that governs the vertical distribution
of tidal flow. The model contains a formulation for eddy viscosity that can
mimic turbulent mixing over a wide range of stratified conditions, measured
by parameter σp , which is shown to be linked to the bulk Richardson number
Ri , and the amount of surface turbulence. The model results show that surface jumps occur for relatively low surface turbulence, weakly to moderately
stratified conditions and if eddy viscosity in the upper layer decreases faster
than linearly towards the surface (parameter n > 1). Interestingly, if n = 2,
stratification parameter σp is between −0.5 and −0.6 (Ri between 0.75 and 1.5)
and surface turbulence is weak (ra 6 0.05), the model yields tidal current profiles that show both a surface jump and subsurface jet. Modelled tidal current
amplitudes agree well with observations if parameter values are selected that
are representative for conditions at a specific field site (depth, pressure gradient force, bulk Richardson number, bottom roughness and surface turbulence).
This suggests that surface jumps and/or subsurface jets may be transient phenomena. On the other hand, field data in the North Passage of the Yangtze
estuary show that subsurface jets are quite persistent.
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2.a

appendix
The solution for p

2.a.1

The expression for function p in Eq. 2-11 reads as follows.
In the lower layer (σ ∈ [−1, σh ]):
0

0

(2.A.1a)
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p = 1 + FPν (σ ) − GQν (σ ).
In the upper layer (σ ∈ [σh , 0]):
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Here, Pν (σ ) and Qν (σ ) are Legendre functions of the first and second kind
and In (m) , while Kn (m) denote modified Bessel functions of first and second
kind, respectively. Furthermore,
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δ = κu˜∗ /(ωh),
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√
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If n = 0, the expression for p has the same solution structure as equation
(A-1a) in the lower layer but in the upper layer


(1 + i) σ
p = 1 + 2c1 cos
√
χ3


for σ ∈ [σh , 0] .

(2.A.2)
(FP (0)−GQ (0))

ν
ν
In this expression, σh = (σp − 1)/2. The coefficient c1 =
,
2β1
in which the polynomial F is a function of F1 , F2 and F3 as presented in the
solutions of the casehof n = 1 and
i n = 2 (see above), but
h with β = iβ1 /β2

such that β1 = cos

(1+i)(σp −1)
√
2 χ3

and β2 = −

(1+i)(σp −1)
(1+i)
√
√
χ3 sin
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, with

2

χ3 = δ (1 + σp ) /2.
In the supplementary material S.1.3, a Mathematica code is provided that
allows users to calculate vertical profiles of tidal current amplitudes.

2.a.2

Data used to produce Figure 2-9

Regarding the paper of Bowden and Sharaf El Din (1966), data from station 1 to
4 were used. Because the observed sites are close to each other and results are
similar, average values of the four stations were taken and shown. The value
of parameter σp = −0.3 was estimated from their Table 4. Regarding the paper
of Jay and Musiak (1996), the value σp = −0.6 was estimated by applying their
equation (1) and (2).
In Geyer et al. (2000), the authors showed the eddy viscosity profiles at
flood and ebb peak for both spring and neap tide. Estimates of the tidally
mean eddy viscosity from these data were obtained by taking the mean values
of spring and neap tide, respectively. Data and corresponding eddy viscosity
values from the paper Li and Zhong (2009) were estimated from the figures by
averaging over a tidal period. A similar approach was applied to obtain data
from Basdurak et al. (2013). Only data from the channel was used.
Note that some of the references present top-to-bottom salinity differences.

2

0

σ =

34

dynamic links between the eddy viscosity and tidal current

2

These were converted to top-to-bottom density differences by using the relation
∆ρ = β∆s. The summary of all data are presented in Table 2.A.1.

Basdurak et al. (2013)

0.60
0.50

15
15
15

Feb.23,05
May.18,05
May.23,05

0.56

0.50

16
15

Sep.30,04
Nov.04,04

0.80

0.40
1.00

7

0.28

0.32

15

Stat.D, spring
Feb.23,04

7

Stat.D, neap

0.29

20
20

Stat.C, neap
Stat.C, spring

0.50

10

Stat.A, spring

0.60
0.30

14
10

Stat.B

1.00

0.70

1.00

1.38

Um (m s−1 )

Stat.A, neap

15
15

neap
spring

Geyer et al. (2000)

Li and Zhong (2009)

20

Jay and Musiak (1996)

h (m)
17

Description

Bowden and Sharaf El Din (1966)

Reference

4.00

9.50

8.00

6.50

3.00

3.50

2.73

4.68

2.73

2.34

3.12

5.46

3.51

1.50

8.70

2

10.00

0.80

∆ρ (kg m−3 )

1.80

5.47

3.20

3.75

0.72

0.5

1.15

4.01

4.54

5.35

1.20

5.83

1.31

0.22

2.56

1.92

0.07

bulk Ri

Table 2.A.1: Data, including their sources, that were used to produce Figure 2-9. In the table, Stat. is Station, h is depth, Um is depth
averaged tidal amplitude, ∆ρ is tidally mean bottom-to-surface density difference and bulk Ri is computed from Eq. 2-13.
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3
S PAT I A L S T R U C T U R E O F M O D E L L E D E S T U A R I N E
RESIDUAL CURRENT INDUCED BY EDDY
V I S C O S I T Y- S H E A R C O VA R I A N C E : D E P E N D E N C E O N
LONGITUDINAL BOTTOM SLOPE, INTENSITY OF TIDAL
FORCING AND MIXED TIDAL FORCING

introduction

3

3.1

It has been noted in many studies that residual current, driven by a shear
stress that is due to the covariance between tidally varying eddy viscosity and
the vertical gradient of tidal velocity, is a significant component of the estuarine circulation (Jay and Musiak, 1994; Stacey et al., 2001, 2008; Burchard and
Hetland, 2010; Cheng et al., 2010; Stacey et al., 2010; Burchard and Schuttelaars,
2012; Geyer and MacCready, 2014). Following Dijkstra et al. (2017), this covariance is referred to as ‘Eddy viscosity Shear COvariance’ (ESCO). One process
that causes variations in eddy viscosity is the advection of the density field
by horizontal currents that have vertical shear (Ruijter, 1983; van Aken, 1986;
Simpson et al., 1990). In the case of tidal currents, during flood, salt oceanic
water is strained over fresher water, causing stratification to decrease, thereby
resulting in increased turbulence. In contrast, during ebb, relatively light water
is advected over salt water, the stratification is enhanced and this suppresses
turbulence. In tidally energetic estuaries, this so-called tidal straining mechanism results in variation of eddy viscosity at the period of the primary tide,
which is often the semi-diurnal M2 tide (Burchard and Baumert, 1998; Geyer
et al., 2000; Stacey et al., 2001; Simpson et al., 2002, 2005).
The background stratification of the water column has a strong impact on
the temporal variation of turbulent eddy viscosity that results from the straining process, and thereby on the structure of the residual current that is driven
by ESCO. Using a 1D numerical model, Stacey et al. (2008) found that in a
periodically stratified water column, the ESCO current always shows a twolayer structure in the vertical direction, with the current direction in the layers
depending on the tidal phase at which a perturbation in the density field is

3
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externally imposed. The onset of stratification during the ebb phase results in
landward current near the bottom and seaward current near the surface. This
is referred to as a ‘classical’ two-layer structure, because it is identical to that
of the estuarine circulation driven by horizontal density gradients. However, if
stratification is imposed during the flood phase, the ESCO current has a ‘reversed’ two-layer structure (landward directed in the upper layer and seaward
below it). Similar findings were reported by Cheng et al. (2010), who investigated the ESCO current in weakly stratified to highly stratified estuaries by
using a 3D numerical model (Cheng et al., 2011, 2013), in which the variation
in stratification was computed internally, rather than being imposed. The degree of stratification in the estuary is controlled by a varying amplitude of
a single externally forced tide, i.e., the semi-diurnal tide. Their results show
that under periodically stratified conditions the residual current due to ESCO
has a classical two-layer structure. If stratification increases, first a transition to
a three-layer structure occurs, and for highly stratified conditions a reversed
two-layer structure is obtained. Note that the tidal mean stratification not only
affects the temporal evolution of turbulent eddy viscosity, but also the vertical
shear of the semi-diurnal tidal current (see in chapter 2, also in Chen and Swart,
2016), which is also a part of ESCO.
Apart from tidal straining, the covariance between eddy viscosity and tidal
velocity shear could also result from, e.g., tidal variation of eddy viscosity induced by wind (Verspecht et al., 2009). Recently, Dijkstra et al. (2017) showed
with 1D and 2D numerical models that at a specific location in the (partially
stratified and M2 dominated) Scheldt River Estuary, the covariance between
M4 eddy viscosity and M4 tidal velocity shear contributes about 8% to the
total residual current (other drivers of residual current are horizontal density
gradients, Stokes transport, etc.). Sources of M4 tidal velocity are, e.g., nonlinear advection of the M2 tidal momentum by M2 tidal currents and depth
dependent friction (e.g. Ianniello, 1977). The M4 eddy viscosity component is
generated by the friction velocity of the M2 tide, and by intratidal variations of
the density stratification (Simpson et al., 2005).
So far, the studies on ESCO mainly considered estuaries of constant depth
with the M2 being the dominant tide and the ESCO current was analysed at
fixed locations. These observations motivate three research aims of the present
study. First (RA.1), to investigate the effect of longitudinal depth variation on
the structure of ESCO current for fixed tidal forcing that consists of a single
semi-diurnal constituent. Second (RA.2), to quantify the effect of tidal mean
stratification on the ESCO current at all locations in the estuary. Third (RA.3),
to investigate the ESCO-induced residual current in the case that the externally
forced tide contains multiple constituents with frequencies that do not have an
integer ratio and stratification at the mouth is kept fixed. The latter is relevant
because tidal forces generate not only M2 , but also e.g. diurnal constituents P1 ,

K1 and O1 and a semi-diurnal constituent S2 . As highlighted by Geyer and
MacCready (2014), systematic investigation of dynamics of estuaries in which
the tidal motion is forced by multiple constituents is “surprisingly” late. One
important consequence of the joint action of tidal constituents with different frequencies is that nonlinear interactions between any two single tidal constituents
will influence other tidal constituents and generate new constituents, in particular a long-periodic tide, which also contribute to the ESCO residual current.
To address these objectives, the numerical model Delft3D-current (Lesser
et al., 2004) is applied to explicitly resolve the temporal and spatial structure of
vertical eddy viscosity and tidal current at different locations. The focus of this
work is on the longitudinal dynamics driven by tides. Hence, the estuary is assumed to be straight and narrow, without lateral variations in depth. Moreover,
effects of wind and the Coriolis force are not considered. The latter conditions
imply a weak lateral current, which also causes straining of the density field
(e.g. Lacy et al., 2003; Burchard and Schuttelaars, 2012; Basdurak et al., 2013).
In section 3.2, the numerical model and the design of the experiments are
presented. Furthermore, the methods to calculate residual current induced by
ESCO, and to decompose the ESCO forcing into contributions due to different tidal constituents are described. Model results are presented in section 3.3,
followed by a discussion in section 3.4. Finally, section 3.5 contains the conclusions.
3.2
3.2.1

material and methods
Model

The numerical hydrodynamic model Delft3D-current (for a description, see
Delft Hydraulics, 2006) is used to simulate currents, salinity and turbulence in
an idealised estuary-shelf system (Figure 3-1). Temperature is kept constant so
that density variations are due to salinity variations only. An x, y, σ−coordinate
system is adopted, in which σ = (z − η)/D, with z = η being the vertical level
of the free-surface, D being the distance from free-surface to the bottom and
x, y, z are Cartesian coordinates. The straight channel is located between river
head x = 0 and estuary mouth x = Lc . It has an undisturbed depth H(x) and
a constant width Bc . The adjacent sea has straight open boundaries that are
positioned at a distance Bs from the estuary mouth and it has a depth that
increases linearly from the coast to the eastern boundary. Freshwater is prescribed at the estuary head x = 0 with a constant discharge Q. At the three
open boundaries of the sea, tidal sea surface elevations with given amplitudes
and frequencies are imposed. Moreover, fixed values of salinity are imposed at
these boundaries. A two-equation k − ε turbulence scheme is used to compute
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vertical eddy viscosity and eddy diffusivity. Horizontal eddy viscosity and diffusivity are assumed to be constant.

Figure 3-1: Geometry of the idealised estuary-shelf sea system. The subdomains are
introduced for reasons of numerical efficiency (see text for details).

3.2.2

Setup of Experiments

First, a setting of experiments is designed to address the first research aim
(RA.1). For this, a fixed river discharge is prescribed at the landward side, while
at the seaward boundaries a tide is imposed with a single frequency that in each
boundary point has the same amplitude and phase. Furthermore, the bottom
is flat from river head to the location x = Le , which is inside the estuary (see
Figure 3-1), whilst seaward of this location water depth linearly increases to
the estuary mouth (x = Lc ) with different values of the bottom slope. Three
different series of experiments are considered. In the first series, the depth
He = H (x = Le ) is kept fixed and Hc = H (x = Lc ) increases with increasing
bottom slope. In series 2, He decreases and Hc increases such that the volume
of the estuary is kept fixed. Finally, in series 3, He decreases and Hc is kept
fixed.
The fourth series of experiments is designed to address the second research
aim (RA.2). To focus on the effect of varying tidal mean stratification on the
spatial structure of the ESCO current, a constant depth is used between river
head and estuary mouth. The forcing is identical to that of the previous series,
but now the amplitude of the tide at the open boundaries is varied, such that a
different degree of stratification is obtained in the estuary.
Finally, the fifth series of experiments addresses the third research aim
(RA.3), i.e., to assess the spatial structure of the ESCO current in an estuary
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in which tidal motion is driven by tides imposed at the seaward boundaries
that contain multiple constituents with different amplitudes. The constituents
that are considered are a semi-diurnal tide with radian frequency ω and two diurnal tidal constituents with frequencies 21 ω − ∆ω and 12 ω + ∆ω, respectively,
where ∆ω is a constant. The reason for this choice is that including two diurnal tidal constituents will create spring-neap cycles in tidal currents with period
π/∆ω. Selecting only one semi-diurnal tide will avoid additional spring-neap
cycles, which would complicate the analysis. In this series, different values of
amplitudes of semi-diurnal tide and diurnal tides at the open boundaries are
chosen, such that the amplitude ratio between diurnal tides and semi-diurnal
tides changes from 0 to 1, while the amplitude of the friction velocity at the
mouth of the estuary, U∗ , is fixed (see section 3.2.6 for details). The latter is
done because U∗ is used to indicate the intensity of external tidal forcing of the
estuary.

3

Table 3-1: The framework of the model experiments design.

Aim

Experiments

RA.1

Controlled conditions
Bottom slope

Tidal amplitude

Tidal constituents

Series 1, 2, 3

Varied

Fixed

Single

RA.2

Series 4

Fixed (no slope)

Varied

Single

RA.3

Series 5

Fixed (no slope)

Varied*

Multiple

* Varied amplitude of each tide constituent but with a fixed amplitude of friction
velocity U∗ at the mouth.

The relations between the research aims and the series of experiments are
summarised in Table 3-1. The model input parameters that are constant for all
experiments are listed in Table 3-2. These values are representative for a typical
single channel tidal estuary. In the experiments of series 1, 2 and 3, the tidal
amplitude is 1 m at the three open boundaries and depth values at x = Le and
x = Lc are given in Table 3-3. Recall that the depth for x < Le equals that at
x = Le . In the experiments of series 4 and 5, a constant depth H = 10 m is
applied for the entire channel (0 < x < Lc ).
For reasons of numerical efficiency, the semi-diurnal tide (hereafter called
M20 ) is assumed to have a radian frequency ω = 1.45 × 10−4 s−1 (i.e., with a
period of 12 hours). Likewise, the two diurnal tidal constituents are called O10
and K10 , respectively. Furthermore, for series 5, a strict tidal mean (to compute
tidal residual current) can only be calculated if ω/∆ω is an integer ratio. The
larger this ratio, the longer the period over which the tidal mean has to be computed. To avoid long computational times of the tidal mean, ∆ω is adjusted in
such a way that both diurnal and semi-diurnal constituents repeat themselves
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after a single spring-neap cycle ( with period π/∆ω). As is shown in Table 3-2,
∆ω = ω/18 yields a spring-neap tidal cycle of 4.5 days. The values of tidal
amplitudes (AM 0 , etc.) of all tidal constituents (M20 , ...) are given in Table 3-3.
2

3

Table 3-2: Values of the model input parameters.
Parameter

Symbol

Unit

Channel length

Lc

km

Value
260

Channel width

Bc

km

3

River section length

Le

km

210

Depth at eastern seaward boundary

Hsea

m

50

Shelf sea size

Bs

km

100

Freshwater discharge

Q

m3 s−1

1500

Salinity at open boundaries

S

psu

31

Background temperature

T

◦C

15

Horizontal eddy viscosity

Ah

m2 s−1

50

Horizontal eddy diffusivity

Kh

m2 s−1

50

ω

s−1

1.45 ×10−4

∆ω

s−1

8.06 ×10−6

Semi-diurnal tidal frequency
Half of spring-neap tidal frequency

Table 3-3: Values of the control parameters in all 5 series of experiments. Here, AM20 ,
AO10 and AK10 are the tidal sea surface amplitudes at the open boundaries of the sea
adjacent to the estuary.
Series Control parameter
1

2

3

Values (m)

H (x = Le )

10

10

10

10

10

H (x = Lc )

10

11.25

12.5

13.75

15

H (x = Le )

10

9.375

8.75

8.125

7.5

H (x = Lc )

10

10.625 11.25 11.875 12.5

H (x = Le )

10

8.75

7.5

6.25

5

10

10

10

10

10

H (x = Lc )
4

AM20

5

AM20
A

O10

,A

Range from 0.5 m to 1.5 m at intervals of 0.05 m
0.75 0.73
K10

0

0.1

0.70

0.65

0.60

0.55 0.35

0

0.20

0.35

0.50

0.65 0.80 0.90

The model is spun up from rest, with S = 31 psu everywhere in the domain
and runs span a time that is sufficiently long to ensure that the transient effects
of initial conditions are no longer present. This was verified in series 1-4 by
comparing the results from the last tidal cycle with those of the previous one.
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In series 5, this was done by comparing the results of the last spring-neap cycle
with those of the preceding cycle.
Numerical aspects

To increase the efficiency of the model computation, the model domain is divided into four subdomains (Figure 3-1). All subdomains have 20 sigma layers
that are uniformly divided in the vertical direction. The grid cells in all subdomains have the same size in x− and y−direction. The ratio between the
horizontal grid sizes of two adjacent subdomains (the value of the larger grid
size over the smaller grid size) is 3. The first subdomain is from x = 0 to x = Le .
Here, the number of grid points in each σ−layer is 282 (along-channel) by 6
(across-channel) and the longitudinal grid size is 750 m. Subdomain 2 is from
x = Le to x = Lc + l, where l = 3 km. It has in each σ−layer of 200 by 12 grid
points in the channel and 14 by 26 grid points on the shelf. The longitudinal
grid size is 250 m. For each σ−layer, in the two horizontal directions, subdomain 3 consists of 38 grid points and subdomain 4 contains 46 grid points. The
longitudinal grid sizes in subdomains 3 and 4 are 750 m and 2.25 km, respectively. Here, the relatively smaller grid size around the corner of the estuary
mouth allows detailed simulation of the hydrodynamics around the estuarine
mouth.
3.2.4

Decomposition of residual current

The residual current contains components that are generated by different drivers,
e.g., river discharge, horizontal density gradients and nonlinear advection of
tidal momentum by tidal current (Geyer and MacCready, 2014). To identify the
residual current induced by ESCO, the tidally mean longitudinal momentum
equation and continuity equation are considered that only include the ESCO
forcing (Burchard and Hetland, 2010; Cheng et al., 2013). The solutions of these
equations read
Zσ

1
uτ =
H
Ā
v
−1

∂ητ
=
∂x

Z0 Zσ
−1



∂ητ
gH
σ̃ − τ dσ̃,
∂x

τ
H
dσ̃dσ /
−1 Āv

Z0 Zσ
−1 −1

(3-1a)

gH2

σ̃
dσ̃dσ,
Āv

(3-1b)

3

3.2.3
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in which
1 0 ∂u 0
+ τa ,
(3-2a)
A
H v" ∂σ
#






Z0
0
0
2η ∂
¯v ∂u + 2η ∂ Av0 ∂u + 2η ∂ Av0 ∂u
τa =
A
dσ̃.
2
∂σ̃
∂σ̃
∂σ̃
H2 ∂σ̃
H2 ∂σ̃
σ H ∂σ̃

τ=

3

(3-2b)
Here, σ̃ is a dummy variable, and the overbar (¯) and prime ( 0 ) represent the
tidally averaged and tidally varying part of a variable, respectively. The sea
τ
surface gradient ∂η
∂x is such that there is no mass transport by uτ through the
cross-section, as follows from mass conservation. The vertical eddy viscosity is
denoted by Av and g (= 9.8 m s−2 ) is the gravitational acceleration. The first
component inside brackets in the r.h.s. of Eq. 3-1a contains the barotropic pressure gradient. Variable τ is a (kinematic) mean stress that is defined in Eq. 32a. The first part on the r.h.s of Eq. 3-2a represents the covariance between
time-varying eddy viscosity and vertical tidal velocity shear at fixed σ−levels
(ESCOσ ) and τa on the r.h.s of Eq. 3-2a (ESCOa ) is related to the covariance between the time-varying water surface elevation η and tidal shear, water surface
elevation and eddy viscosity and triple covariance between water surface elevation, eddy viscosity, and vertical shear, respectively (Eq. 3-2b). The contribution
τa to τ results from using σ−coordinates rather than z−coordinates.
3.2.5

Quantification of stratification in the estuary

The degree of stratification in the estuary is determined by the competition
between buoyancy forcing and tidal forcing. In this study, the former is due
to freshwater input and the latter is quantified by the friction velocity at the
mouth of the estuary. Following Geyer and MacCready (2014), in the cases that
the tidal forcing has a dominant constituent, two parameters Frf and M are
used that control the degree of stratification at the mouth, i.e.,

Frf =

UR
,
N0 Hc

and M =

U∗
.
(ωN0 )1/2 Hc

(3-3)

Here, Frf is the freshwater Froude number, which expresses a ratio between
the river current UR (= HQ
) and the scale of the maximum possible frontal
c Bc
propagation speed. In Eq. 3-3, N0 = (βgS/Hc )1/2 , with Hc the depth at the
mouth, is an estimate of the buoyancy frequency in the case of maximum topto-bottom salinity variation in an estuary, in which S is the salinity at the open
boundaries and β = 7.8 × 10−4 psu−1 is the salinity contraction coefficient. The
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second parameter M expresses the ratio of the tidal timescale to the vertical
turbulent mixing timescale at the mouth.
In this study, the parameters Frf and M are used to classify the estuary,
based on the regime diagram shown in Geyer and MacCready (2014). However,
Frf and M do not yield information about the degree of stratification at the
locations inside the estuary. For this reason, an alternative parameter, ∆S/S
is used, in which ∆S is the tidal mean top-to-bottom salinity difference that
depends on x, and S = 31 psu is the salinity at the open boundaries.
Mixed tidal forcing

In case that the tidal forcing contains M20 , O10 and K10 , nonlinear interactions
between these constituents will result in additional constituents with sum and
difference frequencies. For example, quadratic nonlinear terms (like advection)
generate additional constituents like ter-diurnal tides (MO30 and MK30 ), a quarterdiurnal tide (M40 ) and a long-periodic tide (Mf 0 ). Note that nonlinear interaction
involving these new constituents will further result in additional constituents,
e.g. the interaction of M20 and M40 will generate an M60 tide.
The characteristics of the forced mixed tide are measured by parameter
q

F
F0 =
1+F

Um,O 0 2 + Um,K 0 2
1
1
.
and F = q
2
2
Um,M 0 + Um,O 0 + Um,K 0 2
2

2

(3-4)

2

Here, F was introduced by Defant (1958) and it measures the ratio of the maximum diurnal tidal amplitude and that of the semi-diurnal tide. In Eq. 3-4,
1/2
Um = U∗ /Cd (where Cd ' 1 − 2.5 × 10−3 denotes a drag coefficient) is
the cross-sectional mean tidal current amplitude at the estuary mouth. When
0.2 < F 0 < 0.75, the tidal motion is considered as a mixed tide. The tide is
considered semi-diurnal dominant when 0 < F 0 < 0.2, and diurnal dominant
when 0.75 < F 0 < 1.
3.2.7

Harmonic analysis

Harmonic analysis is used in order to quantify the relative contribution of different tidal constituents to the total signal. Below, the kinematic shear stress
component ESCOσ is considered (the first term of Eq. 3-2a). Consequently,

3
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the harmonic decomposition is applied to the time series of the velocity shear
1 ∂u 0
0
(H
∂σ ) and the vertical eddy viscosity (Av ), respectively. This yields


1 ∂u 0 X 1 ∂un
cos(ωn t − ϕn ),
=
H ∂σ
H ∂σ
n
X
Av0 =
Av,n cos(ωn t − ψn ),

(3-5a)
(3-5b)

n

where

1
H

h

∂un
∂σ

i

denotes the amplitude of the vertical shear of tidal velocity of

3

a specific tidal constituent (O10 , K10 , M20 , M40 , ...). Furthermore, ωn is the radian
frequency and ϕn is the phase. Similarly, Av,n and ψn are the amplitude and
phase of eddy viscosity of the tidal harmonic n, respectively.
Substitution of Eq. 3-5a and 3-5b into Eq. 3-2a (and ignoring ESCOa at this
stage) yields
τ = τO 0 + τK 0 + τO 0 + τK 0 + τM 0 + τMO 0 + τMK 0 +
2
3
| 1 {z 1} | 2
{z2
} | 3 {z
}
diurnal

semi-diurnal

ter-diurnal

τM 0
4
|{z}

+...,
(3-6)

quarter-diurnal

with


1
∂un 1
τn = Av,n
cos(ϕn − ψn ).
H
∂σ 2

(3-7)

Similarly, the term τa in Eq. 3-2a is decomposed into contributions due to
different tidal constituents. The ESCO current components and corresponding
sea surface gradients are
Zσ
uτ,n =
∂ητ,n
=
∂x

−1
Z0
−1



∂ητ,n
gH
σ̃ − τn dσ̃,
∂x
Z0 Zσ
σ̃
τn
gH2
dσ̃dσ /
dσ̃dσ.
H
Āv
−1 Āv
−1 −1

1
Āv
Zσ

H

(3-8a)
(3-8b)

In Eq. 3-8a, uτ,n denote the residual flows generated by ESCO due to individual tidal frequencies, with n representing O10 , K10 , M20 , M40 , ... The sea surface
∂ητ,n
gradients ∂x
in Eq. 3-8b is related to uτ,n .

3.2 material and methods

3.2.8

47

Quantifying the importance of the ESCO current due to individual tides and
their structures

The relative importance of the residual current induced by ESCO of individual
harmonic frequencies with respect to the total ESCO current is computed as
R0

−1
rn = P R
1 0
2

u2τ,n dσ

2
−1 uτ,m dσ

.

(3-9)

Parameter rn measures the ratio between the depth-integrated kinetic energies
of one ESCO current component and the sum of the depth-integrated kinetic
energy of all ESCO current components. The ESCO current due to an individual
tide is considered as a dominant component when rn > 0.5. Furthermore, the
ESCO current due to an individual tide is small when rn < 0.05.
Likewise, the relative importance of the ESCO current with respect to the
residual current due to other drivers (e.g., river current, density driven current
etc.) is computed as

rE =

1
2
1
2

R0

2
−1 uτ dσ
,
2
−1 u dσ

R0

(3-10)

where u is the total residual current. The ESCO current is considered relevant
when rE > 0.05.
To indicate the structure of ESCO flows, first, layers are identified in which
1 ∂uτ
the vorticity H
∂σ has a fixed sign. This is done because vorticity is a measure of the degree of overturning in such a layer. For the classical estuarine
circulation there is one layer in which the vorticity is positive if seaward current is defined as positive. The boundaries of these layers σi (i = 1, 2, ... I −
1, ordered from surface to bottom) are defined as the levels at which uτ attains
an extremum uτ,i . Here, I > 2 denotes the total number of extreme values in
the vertical profiles of uτ . Next, a measure of the vorticity Vi is calculated as
Vi =

uτ,i − uτ,i+1
.
H(σi − σi+1 )

(3-11)

Note that at the bottom (σ = −1), uτ = 0 is not accounted for in the calculation of the vorticity. Positive (negative) Vi denotes clockwise (anti-clockwise)
overturning (Figure 3-2).
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Figure 3-2: Example of an ESCO current that is characterised by three current layers
and two vorticity layers. Positive (negative) values of the ESCO current (black line) is
seaward (landward). Overturning of the current is indicated by white arrows.

3.3
3.3.1

results
Structure of uτ for varying longitudinal depth (RA.1)

Figure 3-3 shows results for model runs with a flat bottom (first experiment of
series 1 in Table 3-3) and a bottom with a slope of 1 × 10−4 (last experiment of
series 1 in Table 3-3). The computed Frf and M are 3.2 × 10−2 and 1.2 for the
former case, respectively, 1.8 × 10−2 and 0.64 for the latter case. Upon tracing
these values in the regime diagram of Geyer and MacCready (2014), it follows
that the estuary is periodically stratified in the flat bottom case and it is at the
transition between weakly stratified to highly stratified in the sloping bottom
case. In panels (a) and (b), the degree of stratification ∆S/S and the strength
of the ESCO current with respect to total residual current rE are plotted as a
function of longitudinal distance. In both cases, ∆S/S increases from zero at
the riverside up to the maximum value at 254 km, and subsequently decreases
to the estuary mouth. At each location, the value of ∆S/S in the latter case
is larger than that in the former case. Two distinct structures are identified in
uτ for the two model configurations. Note that results are shown in the part
of the estuary where the value of ∆S/S varies in the longitudinal direction.
In the flat bottom case (Figure 3-3c), a two-layer structure is observed with
landward current near the bottom and seaward current near the surface. In
the case of the sloping bottom (Figure 3-3d), a three-layer structure is found,
with landward current both near the surface and near the bottom, and seaward
current in the middle. Panels (e) and (f) show the longitudinal distribution of
the total residual current for the two cases. Comparing (c) with (e) and (d) with
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(f) reveals that the contribution of the ESCO current to the total residual current
is relevant (rE > 0.05) between 252 km and 260 km in the flat bottom case and
between 239 km to 259 km in the sloping bottom case (Figure 3-3a and b).

Figure 3-3: (a) Longitudinal distribution of ∆S/S (blue line) and rE (red line) for a
flat bottom case, with ∆S the tidal mean top-to-bottom salinity difference and S = 31
psu. The parameter rE is the fraction that the ESCO current contributes to the depthintegrated kinetic energy of the total residual current. (b) As (a), but for a bottom with
slope 1 × 10−4 between x = Le = 210 km and the mouth x = Lc = 260 km; for x < Le
depth is 10 m. (c) and (d): Contour plots of the ESCO current (uτ , in cm s−1 ) as functions
of longitudinal distance and depth for the flat bottom case and the sloping bottom case,
respectively. Positive values (white areas) denote seaward and negative values (grey
areas) denote landward current. (e) and (f): as (c) and (d), but for the total residual
current. Data for the longitudinal distance that ∆S/S ' 0 inside the estuary is not
shown.

Harmonic analysis of ESCOσ identifies two main contributions to uτ , i.e.,
the ESCO current due to the M20 tide (uτ,M 0 ) and that due to the M40 tide
2
(uτ,M 0 ). The relative contribution rM 0 of uτ,M 0 to the kinetic energy of total
4
4
4
ESCO current (see Eq. 3-9) for the two model configurations is shown in Figure 3-4a and b, respectively. Furthermore, the spatial structure of the ESCO
current due to uτ,M 0 and that due to uτ,M 0 are shown in the second and third
2
4
row of Figure 3-4. In the flat bottom case, the ESCO current due to the M40 tide
is small (rM 0 < 0.05) between 254 km and 256 km and dominant (rM 0 > 0.5)
4
4
both near the mouth (257 < x < 260 km) and in the upper reach (x < 253 km).
In the sloping bottom case, it is relevant in the entire estuary. With no bottom
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slope, uτ,M 0 is dominant between 253 km and 257 km, and it is seaward near
2
the surface and landward near the bottom (Figure 3-4c). This is similar to that
of uτ . However, further upstream and downstream, uτ,M 0 has a reversed two2
layer structure. Note that at the riverside (x < 245 km), uτ,M 0 also shows a
2
two-layer structure, but current velocities are rather small here. In the case of
the sloping bottom (Figure 3-4d), uτ,M 0 has a reversed two-layer structure. Re2
garding uτ,M 0 , it typically shows a two-layer structure both in the flat bottom
4
and in the sloping bottom case (Figure 3-4e-f). Interestingly, near the bottom
the magnitude of the landward current of uτ,M 0 is larger than that of the sea4
ward current of uτ,M 0 . The residual current due to ESCOa is also computed
2
and the energy ratio between current due to ESCOa and that due to ESCOσ is
less than 0.05 (not shown). This was also found for all other parameter settings
in this study. Thus the residual current due to ESCOa is not considered in the
following subsections.

Figure 3-4: (a) and (b): Longitudinal distribution of the ratio rM40 between the depthintegrated kinetic energy of the M40 ESCO current uτ,M40 and that of the total ESCO
current. (c) and (d): Contour plots of the ESCO current due to the M20 tide (uτ,M20 , in cm
s−1 ) as functions of longitudinal distance and depth for a flat bottom and a bottom with
slope 1 × 10−4 between x = Le = 210 km and the mouth x = Lc = 260 km, respectively.
(e) and (f): As (c) and (d), but for the ESCO current due to the M40 tide (uτ,M40 ). In panels
(c) to (f), positive values (white areas) denote seaward and negative values (grey areas)
denote landward current.
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Next, results are presented for the experiments of series 1, 2 and 3 (see
Table 3-1), in which the bottom slope between x = Le and x = Lc was varied. Figure 3-5 shows the values of the fresh water Froude number Frf and of
parameter M (for definitions see Eq. 3-3). It is found that for the bottom slope
varying from 0 to 1 × 10−4 , variations of Frf and M in series 2 and 3 are smaller
than those in series 1 (Figure 3-5). When considering these data points in the
regime diagram of Geyer and MacCready (2014), it follows that the largest variations in stratification due to changes in the bottom slope are obtained in the
case that the longitudinal mean depth increases (series 1). In this subsection,
detailed results are presented for experiments of series 1. Additional results for
experiments of series 2 and 3 are given in the supplementary material S.2.1.

Figure 3-5: Values of the fresh water Froude number Frf and of parameter M, which
measures the ratio of the ratio of the tidal timescale to the vertical turbulent mixing
timescale, of the experiments of series 1, 2 and 3. These parameters are defined in Eq. 3-3,
and they control the stratification at the mouth. The numbers 1-5 denote the experiments
in which the bottom slope between x = Le = 210 km and the mouth x = Lc = 260 km is
0, 0.25 × 10−4 , 0.5 × 10−4 , 0.75 × 10−4 , 1 × 10−4 , respectively.

In the case of experiment series 1, the decrease of values of Frf and M (Figure 3-5) implies a transition of the estuary from periodically stratified to highly
stratifiied. To identify the structure of the ESCO current, Figure 3-6 shows vorticities in the upper layer (V1 ) and the layer below that (V2 ) as functions of longitudinal distance and bottom slope. The left, middle and right panels are results
related to uτ , uτ,M 0 and uτ,M 0 , respectively. When the ESCO current shows a
2
4
classical two-layer structure or a reversed two-layer structure, only V1 exists.
When the ESCO current has a three-layer structure, both V1 and V2 exist and
they have opposite signs. Vorticities with absolute values below 1 × 10−3 s−1
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are blanked. These small values occur in the freshwater zone (where mean
salinity is less than 1 psu) and around locations where V1 changes sign. Black
solid lines in Figure 3-6 denote the locations in the estuary where the depth
and time mean salinity is 1 psu. Moreover, the degree of stratification (∆S/S)
as a function of longitudinal distance and bottom slope is indicated by black
dashed contours. Figure 3-6 shows that V1 related to uτ is positive (clockwise
overturning) when the bottom slope is smaller than 0.1 × 10−4 . Moreover, positive V1 is also found near the mouth (257 < x < 260 km) for bottom slopes
between 0 and 0.6 × 10−4 . At other locations and for other bottom slopes V1
is negative, and meanwhile positive V2 is observed. The vorticity V1 related to
uτ,M 0 is mainly negative for all experiments, while that related to uτ,M 0 shows
2
4
positive signs. It is also shown that larger negative values of V1 are obtained
for larger ∆S/S.

Figure 3-6: Colour plots of vorticities V1 (upper layer, first row) and V2 (second layer
below surface, second row) as functions of longitudinal distance and bottom slope. Unit
of Vn is s−1 . Panels in the left, middle and right columns are results related to the
total ESCO current uτ , and ESCO flows uτ,M20 and uτ,M40 due to the M20 tide and the
M40 tide, respectively. Black solid lines denote the location where depth and time mean
salinity is 1 psu. Areas in which vorticities |Vn | < 0.001 s−1 are blanked. Dashed lines
are contours of ∆S/S.

The positive vorticities in the lower layer that are related to uτ,M 0 and uτ,M 0
2
4
have distinct spatial structures for different bottom slopes. The vorticity V2
related to uτ,M 0 is dominant near the mouth and in the middle of the estuary
2

(250 < x < 260 km) when bottom slopes are smaller than 0.7 × 10−4 . However,
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V2 related to uτ,M 0 is found near the salt intrusion limit and in the middle of

4

slopes smaller than 0.6 × 10−4 . The other is located inside the estuary between
0 < x̃ < x̃m , where x̃m depends on the bottom slope and has a maximum value
of 0.65. The contribution of uτ,M 0 becomes negligible when the bottom slope is
4

larger than 0.7 × 10−4 . Figure 3-7b shows the relative contribution rE of ESCO
current to the depth-integrated kinetic energy of the total residual current as
a function of scaled distance x̃ and bottom slope. It appears that the contribution of ESCO is relevant (rE > 0.05) when 0.4 < x̃ < 1 for all bottom slopes
(Figure 3-7b).
3.3.2

Structure of uτ for different tidal forcing and related changes in stratification
(RA.2)

Results of experiments of series 4 are presented. In this setting, the freshwater
Froude number is a constant, viz. Frf = 3.2 × 10−2 . The imposed changes in
the amplitude of the M20 tide at the seaward boundary result in values of the
parameter M in the range from 0.64 to 1.55. According to the regime diagram
of Geyer and MacCready (2014), these experiments simulate the estuary in
conditions from highly stratified to periodically stratified.
Figure 3-8 is similar to Figure 3-6, but for vorticities V1 and V2 as functions
of longitudinal distance and M. In panel (a), both positive and negative values
of V1 (anticlockwise overturning) are obtained with the sign changing at M '

3

4

the estuary when bottom slopes are larger than 0.7 × 10−4 .
Note that from vorticities Vi and thicknesses H(σi − σi+1 ) of the vorticity
layers, one can compute the overturning volume transport rate per unit width,
i.e., Ti = 12 Vi H2 (σi − σi+1 )2 . A positive (negative) value of Ti denotes the
amount of net water per unit width that overturns clockwise (anti-clockwise)
within a vorticity depth H(σi − σi+1 ) in layer i. Results of the thicknesses of
the vorticity layers as functions of longitudinal distance and bottom slope are
presented in the Electronic Supplement. It turns out that typical overturning
rates of ESCO current are T1 = 0.5 m3 m−1 s−1 for the flat bottom case and
T1 = −0.6 m3 m−1 s−1 , T2 = 0.2 m3 m−1 s−1 for the case that the bottom
slope is 1 × 10−4 .
To quantify the importance of the ESCO current uτ,M 0 , its relative contribu4
tion rM 0 to the depth-integrated kinetic energy of the total ESCO current (see
4
Eq. 3-9) is computed for all experiments of series 1 and plotted as a function of
scaled distance x̃ and bottom slope (Figure 3-7a). Here, x̃ = (x − Ls )/(Lc − Ls ),
with Ls denoting the location of 1 psu isohaline. The salt intrusion limit is at
x̃ = 0 and the mouth is at x̃ = 1. Hence, the freshwater zone, where the ESCO
current is small, is excluded. Results show two separate parts in the estuary
where uτ,M 0 is important. One is near the mouth (0.8 < x̃ < 1) for bottom

3
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Figure 3-7: a. Colour-contour plot of the relative contribution rM40 of the ESCO current
due to the M40 tide to the depth-integrated kinetic energy of the total ESCO current as a
function of scaled longitudinal distance x̃ and bottom slope, experiment series 1. Here,
x̃ = 0 is the location where depth and time mean salinity equals 1 psu and x̃ = 1 is
the estuary mouth. The white contour lines indicate borders in the figure where the M40
tide contribution to the ESCO current is small (rM40 < 0.05), important (rM40 > 0.25) and
dominant (rM40 > 0.5). (b): As panel (a), but for rE , i.e., the ratio between the depthintegrated kinetic energy of the ESCO current and that of the total residual current.
Note colour bars of panel (a) and (b) have different ranges.

1.1. In panel (b), V2 only shows positive values (clockwise overturning), mainly
for 0.8 < M < 1.1 and the value of V2 depends on the location in the estuary.
The largest (both positive and negative) values of V1 and V2 are obtained at
5 km upstream from the mouth, where ∆S/S attains its maximum value. The
overall distribution of V1 related to uτ,M 0 (see Figure 3-8c) is similar to that of
2
V1 related to uτ . However, for 1.1 < M < 1.5, in the segments between 245 and
253 km and 257 km to the mouth, negative V1 is observed. Vorticity V2 exists
between 0.8 < M < 1.1, but only between 253 km and the mouth (Figure 3-8d).
Contour plots of thicknesses H(σ1 − σ2 ) and H(σ2 − σ3 ) of the two vorticity
layers as functions of x̃ and M are shown in the supplementary material S.2.2.
Figure 3-9 is similar to Figure 3-7, and presents the energy ratio rM 0 (of the
4
0
M4 ESCO current and the total ESCO current) and rE (of the total ESCO current
and the total residual current) for the experiments of series 4 as functions of the
scaled coordinate x̃ and parameter M (see Eq. 3-3). In the middle of the estuary,
the ESCO current is due to the M20 tide, where also the maximum ∆S/S is
observed. For M < 0.8, the ESCO current due to the M40 tide is always small
(rM 0 < 0.05). Overall, with increasing M, values of rM 0 increase, and rM 0 > 0.05
4
4
4
is found for a wider range of x̃ values. When 0.9 < M < 1.4, the ESCO current
due to the M40 tide uτ,M 0 is dominant for x̃ < 0.6 and 0.8 < x̃ < 1. The parameter
4
rM 0 reaches its maximum value of 0.9 near the mouth and at x̃ = 0.4. When
4

Figure 3-8: As Figure 3-6, but for experiment series 4: vorticities V1 (first row) and V2
(second row) are plotted as functions of longitudinal distance and parameter M that
measures the tidal timescale to the vertical turbulent mixing timescale at the mouth (see
Eq. 3-3) for the total ESCO current (left column), the ESCO current due to the M20 tide
(middle column) and due to the M40 tide (right column).

M > 1.4, uτ,M 0 becomes less intense, but it is still important for the total ESCO
4
current in the areas 0 < x̃ < 0.25 and 0.65 < x̃ < 0.8. Figure 3-9b further reveals
that values of rE > 0.05 (i.e., ESCO current significantly contributes to the total
residual current) are found mainly between 0.4 < x̃ < 0.9. The maximum value
of rE is obtained for M = 0.9 and x̃ = 0.7.
For 1.1 < M < 1.4, the modelled ESCO current uτ shows a classical twolayer structure in the estuary, where in the sections between 252 to 257 km, uτ
is mainly due to uτ,M 0 , and in the other sections, uτ is due to uτ,M 0 . When
2
4
0.8 < M < 1.1, uτ has a three-layer structure. In the section between 252 km
and 257 km, this structure is mainly due to the uτ,M 0 . Near the mouth (257
2
to 260 km) and in the upper reach (from the location of 1 psu to 252 km),
uτ,M 0 is moderate to dominant. If M < 0.7, uτ in the entire estuary is mainly
4
due to uτ,M 0 and it has a reversed two-layer structure. The same holds for
2
0.7 < M < 0.8, but only in the middle reach.
Figure 3-9 further reveals that for M > 0.9 and 0 < x̃ < 0.4, although the
intensity of uτ,M 0 is much larger than that of uτ,M 0 , total ESCO current itself
4
2
is negligible with respect to total residual current (rE < 0.05). For 0.9 < M <
1.1 (weakly stratified estuaries), uτ,M 0 is significant in the middle and lower
4
reach (x̃ > 0.4), where ESCO current is an important component in the total
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Figure 3-9: As Figure 3-7, but for experiments of series 4. (a): Colour-contour plot of rM40
(relative contribution of the M40 ESCO current to the depth-integrated kinetic energy of
the total ESCO current) as a function of scaled longitudinal distance x̃ and parameter M
that measures the tidal timescale to the vertical turbulent mixing timescale at the mouth
(see Eq. 3-3). (b): As panel (a), but for rE , i.e., the ratio between depth-integrated kinetic
energy of the ESCO current and that of the total residual current. Note that colour bars
of panel (a) and (b) have different ranges of values.

residual current. Moreover, although in the middle reach (0.5 < x̃ < 0.8) uτ,M 0
4
is weaker than uτ,M 0 (rM 0 < 0.25), the former is essential for obtaining a three2
4
layer structure in the vertical distribution of the total ESCO current.
3.3.3

Structure of uτ for mixed tidal forcing (RA.3)

The effect of mixed tidal forcing on the structure of the ESCO current is examined by analysing model results of the experiments of series 5. In each of these
experiments, stratification conditions at the estuary mouth are kept fixed.
Figure 3-10 is similar to Figure 3-6 and it shows colour-contour plots of
vorticities V1 (first row) and V2 (second row) as functions of longitudinal distance and parameter F 0 (defined in Eq. 3-4). Moreover, contours of ∆S/S are
shown (black dashed lines). Regarding vorticity V1 that is related to uτ , negative values (anticlockwise overturning) are observed for F 0 < 0.2 and positive
(clockwise overturing) for F 0 > 0.2 (Figure 3-10a). Meanwhile, negative V2 is
only found when F 0 < 0.2 (Figure 3-10b). For the ESCO current due to diurnal
tides (Figure 3-10c and d), positive V1 is observed in most of the estuary for
0 < F 0 < 0.6, and between 245 and 257 km for F 0 > 0.6. The maximum positive
V1 is obtained when F 0 ' 0.5. The vorticity V2 does not exist for this component. For the ESCO current due to semi-diurnal tides (Figure 3-10e and f), the
overall distributions of V1 and V2 are similar to those of the vorticities related
to uτ , but with a much weaker clockwise overturning for F 0 > 0.4.
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Figure 3-10: As Figure 3-6, but for vorticities V1 (first row) and V2 (second row) related to (left column) total ESCO current uτ , (middle column) the ESCO current due
to diurnal tides and (right) the ESCO current due to semi-diurnal tides plotted as functions of longitudinal distance and parameter F 0 that measures the degree of mixture
of externally imposed tides. Small F 0 (< 0.2) implies semi-diurnal tide is the dominant
constituent and large F 0 (> 0.75) implies diurnal tides are dominant constituents.
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The vorticities due to the ESCO current caused by ter-diurnal tides, the
quarter-diurnal tide and the long-periodic tide (with frequency 2∆ω) are shown
in Figure 3-11. In general, V1 related to these ESCO components has positive
values. However, each of them attain a maximum value for a different F 0 . For
the ESCO current due to ter-diurnal tides, the maximum V1 is obtained around
F 0 = 0.4, while for the ESCO current due to the quarter-diurnal tide and the
long-periodic tide, the maximum V1 is obtained when F 0 = 0 and F 0 ' 0.95,
respectively. In areas where the vorticity V2 due to the ESCO current driven
by these tide exists, its values are negative, but rather small. Contour plots of
thicknesses H(σ1 − σ2 ) and H(σ2 − σ3 ) of the two vorticity layers as functions
of x̃ and F 0 are shown in the Electronic Supplement.

Figure 3-11: As Figure 3-10, but for vorticities of the ESCO current due to ter-diurnal
tides (left column), due to the quarter-diurnal tide (middle column) and due to the
long-periodic tide (right column).

The importance of the ESCO current due to different tidal harmonics as a
function of dimensionless longitudinal distance x̃ and F 0 is shown in Figure 312. Panels (a) to (e) show the relative contribution to the depth-integrated kinetic energy of total ESCO current of ESCO current driven by diurnal tides,
semi-diurnal tides, ter-diurnal tides, the quarter-diurnal tide and the longperiodic tide, respectively. In panel (f), the relative contribution of the total
ESCO current to the depth-integrated kinetic energy of the total residual current is presented. It appears that for semi-diurnal tide dominant conditions
(F 0 < 0.2), the total ESCO current is relevant in the lower reach of the estuary
(0.6 < x̃ < 1), where the main contributions to uτ are the ESCO current due to
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semi-diurnal tides (between 0.6 < x̃ < 0.8) and that due to the quarter-diurnal
tide (between 0.8 < x̃ < 1). For mixed tide conditions (0.2 < F 0 < 0.75), the
ESCO current is a significant part of the total residual current for 0.2 < x̃ < 1,
where the main contribution to uτ is the ESCO current due to diurnal tides.
Note that in the middle reach (0.2 < x̃ < 0.5) and near the mouth (0.8 < x̃ < 1),
the ESCO current due to ter-diurnal tides also contributes to the residual current. For diurnal tide dominant conditions (F 0 > 0.75), the ESCO current due
to diurnal tides is significant in the area 0.5 < x̃ < 0.7; elsewhere, the main
contributor to uτ is the ESCO current due to the long-periodic tide.

Figure 3-12: (a)-(e). Colour-contour plots of ratios between depth-integrated kinetic energies of the ESCO current driven by different tidal harmonics and the depth-integrated
kinetic energy of total ESCO current as functions of x̃ and F 0 . (f). As (a)-(e), but for the
ratio between energy of the total ESCO current and that of the total residual current.
Panels are due to (a) diurnal tides (rO10 + rK10 ), (b) semi-diurnal tides (rM20 + rO20 + rK20 ),
(c) ter-diurnal tides (rMO30 + rMK30 ), (d) the quarter-diurnal tide (rM40 ) and (e) the longperiodic tide (rMf 0 ), respectively. Note panels (a)-(e) and panel (f) have different ranges
of values.

3.4
3.4.1

discussion
Analysis of vertical structures of uτ

Sections 3.3.1 and 3.3.2 show that in a semi-diurnal tide dominant estuary the
ESCO current uτ is mainly forced by two components that are related to M20
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and M40 tides. The spatial structures of these flows strongly depend on density
stratification. Motivated by the analysis of Cheng et al. (2013), who considered
total ESCO current, here the vertical distribution of the ESCO current uτ,M 0
2
and uτ,M 0 induced by the M20 and M40 tide are explained from the structure of
4

3

the ESCO shear stress τn and of gH

∂ητ,n
∂x σ,

where n = M20 or M40 (see Eq. 3-8).
∂η

τ,n
Here, τn is given by Eq. 3-7 and the term gH ∂x
σ is the contribution that
results from integrating the barotropic pressure gradient force between level σ
and the surface (the first term in the bracket of Eq. 3-8a). The latter is referred
to as a depth-integrated barotropic term.
First, the structure of the variables that constitute the ESCO shear stress
is determined. As a specific example, this is done below for a setting of experiment series 4 (tidal forcing amplitude AM 0 = 1.1 m, i.e., stratification
2
parameter M = 1.3) at location x̃ = 0.6, where rE ' 0.1. Here, the ESCO
current is a significant component of the estuarine circulation. Figure 3-13a
0
0
and b show the amplitude of (blue line)
  the M2 and (red line) M4 compo∂u
1 ∂u
nent of vertical tidal shear ∂z = H ∂σ and of eddy viscosity, respectively.
 
Note that ∂u
∂z shows a local extremum at −6 m, which implies a “surface
jump” shape of the M20 tidal current amplitude. The occurrence of such a phenomenon is physically explained by Chen and Swart (2016). The product of
the vertical tidal shear and eddy viscosity amplitude is shown in Figure 3-13c,
whilst panel (d) shows cos(ϕM 0 − ψM 0 ) and cos(ϕM 0 − ψM 0 ), where ϕn − ψn
2
2
4
4
is the phase difference between tidal shear and eddy viscosity of constituent
with label n. The kinematic shear stresses τn , which result from the multiplication of the variables shown in panels (c) and (d), are plotted in Figure 3-13e
(solid lines). The dotted lines in this panel are the depth-integrated barotropic
terms. Finally, panel
Rσ (f) shows the residual current that is driven by the ESCO
stress, ush,n = − −1 H Ā1 τn dσ̃ and by the depth-integrated barotropic term,
v
Rσ
∂ητ,n
σ̃dσ̃. The blue and red lines are components related
uba,n = −1 H Ā1 gH ∂x
v
0
0
to the M2 tide and M4 tide, respectively. Furthermore, in (f) the ESCO current
uτ,M 0 = ush,M 0 + uba,M 0 and uτ,M 0 = ush,M 0 + uba,M 0 are shown by the black
2
2
2
4
4
4
solid line and the black dashed line, respectively.
Figure 3-13 reveals that the amplitude of the M20 vertical tidal shear is larger
than that of the M40 vertical tidal shear, whereas the amplitude of the M20 eddy
viscosity is small compared to that of the M40 eddy viscosity. Interestingly, the
product of amplitudes of vertical tidal shear and eddy viscosity of M20 and of
M40 have comparable magnitudes. For the M20 , the value of cos(ϕM 0 − ψM 0 ) is
2
2
around −1 in the entire water column. This means that M20 eddy viscosity peaks
for maximum flood current (large negative vertical shear), which is caused by
tidal straining. For the M40 tidal shear and eddy viscosity, cos(ϕM 0 − ψM 0 ) is
4

4
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Figure 3-13: Vertical distribution of variables that constitute the ESCO current due to
the M20 tide and M40 tide. Data for experiment series 4, with the tidal amplitude at sea
boundaries of AM20 = 1.1 m at x̃ = 0.6 (equivalent to x = 250 km) are plotted. (a)
h i
0
0
Amplitude of tidal shear ∂u
∂z of M2 (blue line) and M4 (red line) component. (b) As
h i
0
(a), but for the amplitude of eddy viscosity [Av ]. (c) The product [Av ] × ∂u
∂z of M2
(blue line) and M40 (red line). (d) The value of cos(ψ − ϕ) of M20 (blue line) and M40 (red
line), in which ϕ is the phase of tidal shear and ψ is the phase of eddy viscosity. In
(e), solid lines are τM20 (blue) and τM40 (red), while dotted lines are the depth-integrated
∂ητ,M 0

∂ητ,M 0

barotropic terms gH ∂x 2 σ (blue) and gH ∂x 4 σ (red). (f) The residual current ush,M20
due to τn (solid blue), ush,M40 (solid red) and the residual flows uba,M20 (dotted blue),
uba,M40 (dotted red) due to the depth-integrated barotropic term, uM20 (solid black) and
uM40 (dotted black).

−1 in the upper part of the water column and around 0.5 in the lower water
column.
The sudden jump in cos(ϕM 0 − ψM 0 ) can be understood as follows. First,
4
4
consider the phase ψM 0 of M40 eddy viscosity Av,M 0 . The primary source of
4
4
Av,M 0 is tidal variation of the absolute value of the friction velocity, which peaks
4
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at M20 flood and ebb. Therefore ψM 0 ' 2ϕM 0 , which is almost constant over
2
4
depth. Hence, the observed jump is due to the phase ϕM 0 of M40 tidal shear. The
4

latter turns out to have two important drivers, viz.

3

ponent of

Av,M 0 ∂uM 0
2

H

2

∂σ

Av,M 0

4

H

∂ū
∂σ

and the M40 com-

. Regarding the first driver, Av,M 0 ∼ cos(ωM 0 t − 2ϕM 0 ), as
2

4

4

1 ∂ū
discussed above, and the shear of the residual current, H
∂σ , is positive. The
0
second driver behaves like cos(ωM 0 t − ϕM 0 ). Since M2 eddy viscosity peaks at
2
4
maximum flood, it follows ψM 0 ' ϕM 0 + π. This result implies that the second
2
2
driver of M40 tidal current shear is out of phase with the first driver. Since the
drivers have different magnitudes, it means that rapid changes of ϕM 0 over the
4
depth may occur.
Panel (e) of Figure 3-13 shows that τM 0 < 0 in the entire water column.
2
When ignoring the depth integrated barotropic term, the response to this shear
v ∂ū
stress is a stress τ̄ = Ā
H ∂σ that equals −τM20 . Since the velocity is zero at the
bottom, it follows that τM 0 drives a seaward residual current ush,M 0 (see Eq. 32
2
8a) at all vertical levels, as is visible in panel (f). Since the ESCO current must
have a vanishing mean in the vertical direction, a landward directed barotropic

pressure gradient force (i.e.,
∂ητ,M 0

∂ητ,M 0

2

∂x

> 0) is required, which drives a landward

current uba,M 0 . As (gH ∂x 2 σ − τM 0 ) < 0 near the bottom (see panel (e)) and
2
2
uM 0 = 0 at the bottom, a landward directed uM 0 occurs near the bottom (see
2

2

panel (f)). Somewhat higher in the water column, (gH

∂ητ,M 0

2

∂x

σ − τM 0 )
2
∂ητ,M 0

is positive

and uM 0 , which results from the depth-integration of (gH ∂x 2 σ − τM 0 ), be2
2
comes seaward towards the surface. By performing a similar analysis for uτ,M 0 ,
4
it follows that it is seaward near the surface and landward near the bottom.
The vertical profiles of the kinematic shear stresses τM 0 and τM 0 strongly
2
4
depend on stratification and on the structure of the tidal forcing. Below, this
is discussed for different stratification conditions that result from changing the
intensity of M20 tidal forcing (experiment series 4). As is shown in Figure 3-14a,
when M is large (the estuary is periodically stratified), τM 0 and τM 0 both have
2

a parabolic distribution over the vertical. The value of (gH

∂ητ,M 0

2

∂x

4

σ − τM 0 ) and
2

∂ητ,M 0

that of (gH ∂x 4 σ − τM 0 ) are positive in the upper water layer and negative
4
in the lower water column. In this case, both uτ,M 0 and uτ,M 0 have landward
2
4
current near the bottom and seaward current near the surface.
∂ητ,M 0

When M is moderate (the estuary is weakly stratified), (gH ∂x 2 σ − τM 0 )
2
is positive near the bottom and negative near the surface. A reversed two-layer
structure is obtained in uτ,M 0 . Note that in that case τM 0 is positive in the upper
2
2
water column, implying that M20 eddy viscosity peaks at ebb. The reason for
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Figure 3-14: Vertical distribution of shear stress components τM20 (solid blue), τM40 (solid
red) and depth-integrated barotropic terms (M20 : dashed blue, M40 : dashed red) at (a) x̃ =
0.5 when M = 1.4 (periodically stratified), at (b) x̃ = 0.6 when M = 1.1 (weakly stratified)
and at (c) x̃ = 0.8 when M = 0.7 (highly stratified). Here x̃ = (x − Ls )/(Lc − Ls ), is
defined in section 3.3.1, expresses the relative distance from the salt intrusion limit,
whilst M is the stratification parameter (see Eq. 3-3). These plots are selected such that
they represent estuaries with different types of stratification but for identical values of
rE (i.e. ratio between depth-integrated kinetic energy of the ESCO current and that of
the total residual current).

this is that with increasing stratification residual current becomes stronger and
tidal current weakens. Thus, in the upper water column, where the residual
current is seaward, the friction velocity is larger during ebb than during flood.
This contributes to Av peaking at ebb. This mechanism thus counteracts that
∂ητ,M 0

due to tidal straining. In contrast, the M40 ESCO forcing (gH ∂x 4 σ − τM 0 ) is
4
negative in the lower water column and positive in the upper water column
(Figure 3-14b). The residual current uτ,M 0 has a structure opposite to that of
4
uτ,M 0 . Because uτ,M 0 and uτ,M 0 are different in the intensities at different water
2
2
4
depth, the combination of these two components results in an ESCO current
that has a rather complicated structure.
When M is small (the estuary is highly stratified), in the lower layer, τM 0
2
is significant whereas τM 0 is negligible (Figure 3-14c). They are both small in
4
the upper layer since turbulence is weak there. A reversed two-layer ESCO current is obtained. Finally, note that the reversed two-layer structure is not found
in the total estuarine circulation, which would otherwise imply a continuous
increase in buoyancy. In fact, in highly stratified conditions, with decreasing
M, the ESCO shear stress decreases and the ESCO current becomes less significant compared to the density driven current. However, ESCO weakens the
overturning of the total estuarine circulation.

3

-4
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3.4.2

Sensitivity of model results to the input parameters

For all model runs, horizontal eddy viscosity and diffusivity values were 50 m2 s−1 .
Using Ah and Kh with values being an order of magnitude smaller slightly affects model results. For example, when Ah and Kh were set to 5 m2 s−1 in
model runs, top-to-bottom salinity difference increased about 1 − 2 psu and
the vertical eddy viscosity slightly changed (see Electronic Supplement).
To test the sensitivity of model results to the choice of frequency difference
∆ω between O10 and K10 tide, Experiment Series 2 was re-run but for ∆ω =
ω/26. With the new value of ∆ω, one spring-neap cycle takes 6.5 days. Results
of the new model runs were compared with those of the default setting (i.e.,
∆ω = ω/18, see Figure 3-8). It turned out that changing ∆ω only slightly
modifies the relative importance of the ESCO current due to individual tidal
harmonics. Furthermore, the total residual salinity and current distribution in
the estuary hardly changed when compared with those of the default model
runs (not shown). Hence, changing the value of ∆ω does not affect the overall
findings presented in the previous sections.
Model experiments were also conducted for the domain with smaller grid
size (grid size in subdomain 2 is 150 m) and/or more vertical sigma layers
(number of vertical layers is 40). Results are not sensitive to the changing of the
size of cells in model domains.
3.4.3

Limitations

The model domain in this study is a straight channel with no lateral bottom
differences. Thus the impact of lateral processes on the vertical turbulent mixing, and thereby on longitudinal ESCO current are neglected. There are many
sources that drive lateral current and consequently change turbulent eddy viscosity and tidal velocity shear covariance. Examples of drivers are differential
advection of salinity due to lateral bottom gradients (Nunes and Simpson, 1985;
Lerczak and Geyer, 2004; Cheng et al., 2009), lateral advection of longitudinal
tidal momentum (Lerczak and Geyer, 2004; Huijts et al., 2009; Huijts et al.,
2011), lateral gradients in turbulent mixing (Scully and Friedrichs, 2007; Basdurak et al., 2013; Cheng, 2014), channel curvature (Seim and Gregg, 1997; Chant,
2002), Coriolis (Huijts et al., 2009) and lateral current induced by channel width
convergence Burchard et al. (2014).
A second limitation of this study is that values of the radian frequencies of
diurnal and semi-diurnal tidal constituents are slightly different from those in
nature. Moreover, tidal constituents like the semi-diurnal solar tide S20 are not
considered. These choices were made to keep the analysis as simple as possible. Hence, a direct comparison of modelled and observed residual current for

mixed tides conditions is not yet possible, but it is considered as an interesting
topic for future work.
It appeared that the Delft3D-current model is not able to capture strong
vertical circulation in unstable stratified water column (weakly stratified conditions) at the subtidal time scale (Delft Hydraulics, 2006, chapter B.12). In our
study, this occurs when 0.9 < M < 1.1. However, it turned out that this did not
affect model results at the tidal time scale (typically 12 hours). This was concluded after by comparing the present model results with those of Cheng et al.
(2011, 2013), who used a different numerical model (ROMS), which revealed
minor differences.
Finally, note that in the present study, a weakly nonlinear system is considered (i.e., the sea surface elevation η is small compared to the water depth
H). Consequently, the terms ESCOa (in Eq. 3-2b, which involve triple correlation between tidally varying sea surface, eddy viscosity and tidal current,
were neglected. Moreover, the nonlinear interactions between different tidal
constituents are small. Studying residual current and ESCO current in an estuary characterised by strong tides and highly nonlinear dynamics (Giddings
et al., 2014) would be interesting to investigate in future.
3.5

conclusions

This study investigated the structure of residual current induced by covariance between tidally varying eddy viscosity and tidal velocity shear (ESCO)
computed with a numerical model that was applied to an idealised estuary
(straight, narrow). The total ESCO current was decomposed into terms that are
induced by individual tidal constituents. The main findings of this study are:
· The ESCO current is significant with respect to the total residual current
in parts of the estuary if stratification is weak to moderate.
· For estuaries forced by a single semi-diurnal tidal constituent, the ESCO
current is mainly made up by the components related to the semi-diurnal tide
and to the quarter-diurnal tide are identified. The former is dominant in the
middle reach, whilst the latter is important in the upper reach and near the
mouth.
· The ESCO current due to the semi-diurnal tide has either a two-layer, threelayer or reversed two-layer structure. The occurrence of each structure depends
on the degree of stratification at the mouth and the longitudinal position in
the estuary. The ESCO current due to the quarter-diurnal tide mainly shows a
two-layer structure.
· For estuaries with multiple tidal forcing (mixing of a semi-diurnal tide and
two diurnal tides), the ESCO current due to diurnal tides dominates the total
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ESCO current. The current due to ter-diurnal tides also contribute to the total
ESCO current. They both show a two-layer structure in the vertical direction.
· For estuaries that are primarily forced by two diurnal tidal constituents,
the ESCO current due to the long periodic tide, which also shows a two-layer
structure, is an important component of the total ESCO current, in particular
in the upper and lower reach.

4
L O N G I T U D I N A L VA R I AT I O N I N L AT E R A L T R A P P I N G O F
F I N E S E D I M E N T I N T I D A L E S T U A R I E S : O B S E R VAT I O N S
A N D A 3 D E X P L O R AT O R Y M O D E L

introduction

In many estuaries, one or more locations are present where the tidally mean
suspended sediment concentration (SSC) attains a maximum. Understanding
the mechanisms resulting in these so-called estuarine turbidity maxima (ETMs)
is important, as mouth bar is frequently formed in ETMs and hampers marine
traffic (Liu et al., 2011) and it has a significant impact on the ecological functioning of estuaries (Cloern et al., 2013), e.g. it causes deficits in oxygen (Talke
et al., 2009a; Zhu et al., 2011). The latter is due to the fact that SSC contains organic material that consumes oxygen. Moreover, high sediment concentrations
strongly limit the light that is needed for phytoplankton to grow (May et al.,
2003; Jiang et al., 2015).
The locations of turbidity maxima depend on estuarine settings and forcing conditions. Many studies have focused on the mechanisms underlying the
distribution of turbidity related to either longitudinal or lateral sediment transport. An important process that results in longitudinal sediment trapping is
the joint action of seaward transport caused by river current and the landward
transport by the density driven current (Postma, 1967; Festa and Hansen, 1978;
Schubel and Carter, 1984; Geyer, 1993; Talke et al., 2009b). In that case, the maximum SSC occurs at the landward limit of the salt intrusion. Furthermore, the
suppression of turbulence by stratification of the water column significantly
enhances trapping of sediment at the landward end of the salinity intrusion
(Geyer, 1993). Jay and Musiak (1994) and Sanford et al. (2001) demonstrated
that net sediment transport due to ebb-flood asymmetry in intensity of turbulence during a tidal cycle significantly affects the location of the turbidity
maximum. A similar conclusion was made by Chernetsky et al. (2010) with respect to net sediment transport that results from the interaction between the M2
tide and external M4 tide. Recent studies (Donker and Swart, 2013; Winterwerp
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et al., 2013) stressed the role of flocculation and hindered settling in sediment
trapping. Other studies focused on lateral trapping of suspended sediment at
a fixed cross-section (Huijts et al., 2006; Kim and Voulgaris, 2008; Chen and
Sanford, 2009; Yang et al., 2014). Interestingly, little attention has been devoted
to quantifying and understanding how the joint presence of longitudinal and
lateral processes in an estuary results in a three-dimensional structure of the
turbidity field.
Field data reveal that lateral distribution of suspended sediment concentration shows longitudinal differences. In the Hudson River Estuary, Geyer et al.
(2001) observed that, in a cross-section in the upper reach, turbidity maxima occurred on both left and right sides, whereas in a cross-section near the mouth
only one turbidity maximum was only found on the left side (when looking
into the estuary). Recent data collected in the North Passage of the Yangtze
Estuary, China also show different turbidity maxima at two separate cross sections. Moreover, the magnitudes of observed SSC during spring and neap tide
are markedly different, whereas the lateral distribution is similar (data are presented in section 2). These observations motivate the overall objective of the
present study, i.e., to identify possible mechanisms that cause the lateral trapping of suspended sediment at different longitudinal locations and at different
stages of the spring-neap cycle.
To gain thorough understanding of sediment entrapment mechanisms in
tidal estuaries, both numerical and analytical models are important tools. The
former allow for detailed simulation of current and SSC distribution under
controlled conditions (Burchard et al., 2004; Song and Wang, 2013; van Maren
et al., 2016) while the latter have been frequently used to obtain fundamental
knowledge of physical processes (Huijts et al., 2006; Talke et al., 2009b; Schuttelaars et al., 2013; Yang et al., 2014). The aim of this work is to gain fundamental
understanding about longitudinal variations in lateral sediment trapping in an
estuary, rather than to reproduce all details of sediment transport in a specific
estuary. Huijts et al. (2006) showed that at a fixed longitudinal location, the
locations of sediment accumulation in a cross-section depend on the relative
importance of lateral current components induced by Coriolis deflection of longitudinal current and by lateral density gradients. Inspired by their work, the
first hypothesis of the present study is that the intensities of lateral current components vary in the longitudinal direction, thereby resulting in different trapping locations of SSC. The second hypothesis is that the relative importance of
each lateral current component to the trapping of sediment is not sensitive to
the varying intensity of turbulence from spring tide to neap tide.
To test these two hypotheses, a new three-dimensional exploratory model
is employed. It extends the model of Huijts et al. (2006) in that conditions in
the longitudinal direction are not uniform. The present model also extends an
earlier model of Festa and Hansen (1978) in the sense that it includes both
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longitudinal and lateral dynamics. Besides, more sophisticated formulations
for turbulent eddy viscosity and eddy diffusivity are used that depend on the
degree of stratification and which allow for studying conditions during both
spring and neap tide.
The details of the new field data (of the Yangtze Estuary), model and methods are presented in section 4.2. In section 4.3, the model results are presented
and used to verify the two hypotheses. This is followed by a discussion in
section 4.4, and by the conclusions in section 4.5.

4.2.1

material and methods
Data

Two cross-sections in the North Passage of the Yangtze Estuary were sampled
during spring and neap tide in February, 2013 (Figure 4-1) by the Estuarine and
Coastal Science Research Center, Shanghai (ECSRC). The first cross-section is labelled A and, it is 38 km downstream from the reference point (see Figure 4-1b).
The second cross-section (labelled B) is 2 km downstream from A. Velocities,
water depth, salinity and SSC data were collected synchronously by instruments on board of two vessels that continuously moved back and forth at two
cross-estuary transects during two full tidal cycles (25 hours). The south and
north sides of the two sampled transects are located on the regulation lines
(see Figure 4-1), which connect the most offshore ends of the groins that are
present on either side of the channel banks, i.e., the training walls. Vessels completed 3 km transects in 30 − 45 min. Velocities and depths were measured
with 600 kHz broadband Acoustic Doppler Current Profilers. Optical Backscatter Sensors were used to measure SSC from water surface to the bottom at
seven fixed locations that were evenly distributed over the two transects. The
data were processed by ECSRC and were interpolated at hourly intervals and
at six σ-levels, following the method of Shi (2004), i.e. at relative depths of 0
(surface), −0.2, −0.4, −0.6, −0.8, −1 (actually 0.5 m above the bottom). The data
were subsequently decomposed into tidally averaged components and components related to tides with specific frequencies (M2 , M4 , O1 , K1 , ...) by applying
harmonic analysis. The freshwater discharge of the Yangtze River during the
observation period (from neap to spring tide) was 16000 − 17000 m3 s−1 , of
which roughly 20 − 25% entered the North Passage. During neap tide, the measured tidal range was about 2.1 m and maximum instant tidal current speed
was 1.7 m s−1 , while during spring tide, they were 3.5 m and 3.0 m s−1 , respectively.
Time averaged SSC collected at the two cross-sections A and B are shown
in Figure 4-2 (orientations are into the estuary). Note here that the vertical
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Figure 4-1: a. Map of the study area in the central and lower part of the Yangtze Estuary.
b. Zoom-out map of the study area including the location of the cross-sections at which
measurements are available. The two cross-sections are located 38 km and 40 km downstream from the reference point (yellow triangle). The regulation lines, which connect
the offshore ends of the groins along the banks, are denoted by red solid lines. c. A
typical cross-estuary depth profile (cross-section A).

distance z† = σh(y) is the time-mean vertical position of a certain σ−surface,
with h(y) representing the undisturbed depth. During spring tide, SSC at crosssection A attains maxima near both the south and north side (Figure 4-2a). At
cross-section B (Figure 4-2b) however, a turbidity maximum is found only near
the south side. During neap tide (Figure 4-2c and d), values of SSC in both
two cross-sections are an order of magnitude lower than those during spring
tide. Nevertheless, the basic lateral sediment distribution pattern remains unchanged, i.e., turbidity maxima occur on both the south and north sides at
cross-section A and only one maximum is found (on the south shoal) at crosssection B.
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As the stability of the water column and residual currents affect the distribution of SSC, data for salinity and residual currents are presented. Tidally
averaged salinity at the two cross-sections exhibits variation in the vertical direction, with values in the deep channel ranging from 9 psu (Figure 4-3a and
b) and 4 psu (Figure 4-3c and d) near the water surface, to 20 psu (Figure 43a and b) and 22 psu (Figure 4-3c and d) near the bottom during spring tide
and neap tide, respectively. The water column is moderately stratified during
spring tide, with bottom-to-surface salinity difference (∆s) of 6.3 psu and 6.6
psu at A and B, respectively (Figure 4-3a and b). During spring tide, saltier
water occurs near the north side and fresher water near the south side. During
neap tide, the observed ∆s are 14.5 psu at A and 16.5 psu at B (Figure 4-3c and
d).
The bulk Richardson number (Dyer, 1997)
Ri = g

∆ρm H
ρr Um 2

(4-1)

yields a quantitative measure of the ratio of stratification and destratification
mechanisms at the two cross-sections. Here, g = 9.8 m s−2 is gravitational
acceleration, ρr = 1000 kg m−3 is a constant reference density, and ∆ρm =
β∆s is the laterally averaged residual density difference between bottom and
surface. It is assumed that water density only depends on salinity and β =
0.78 kg m−3 psu−1 is the salinity contraction coefficient. Furthermore, H is the

4

Figure 4-2: Distribution of residual SSC (in kg m−3 ) in a. cross-section A during spring
tide; b. cross-section B during spring tide; c. cross-section A during neap tide and d.
cross-section B during neap tide. Locations are indicated in Figure 4-1; z† is distance to
the mean water surface. Orientation of all plots is into the estuary.
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Figure 4-3: Distribution of residual salinity (in psu) at a. cross-section A during spring
tide; b. cross-section B during spring tide; c. cross-section A during neap tide and d.
cross-section B during neap tide; z† is distance to the mean water surface. Orientation
of all the plots is into the estuary.

laterally averaged water depth and Um is the laterally averaged tidal current
amplitude. Harmonic analysis shows that the M2 tide is the dominant constituent, with Um = 1.6 m s−1 during spring tide and Um = 0.8 m s−1 during
neap tide. Substitution of the measured values into Eq. 1 yields for both crosssections that Ri ' 0.3 during spring tide and Ri ' 2.0 during neap tide. These
numbers indicate that the water column is weakly stratified during spring tide
and strongly stratified during neap tide.
The spatial patterns of the measured longitudinal residual current in the
two cross-sections are presented in Figure 4-4. During spring tide, outflow occurs in most of the two cross-sections, with a maximum of 0.8 m s−1 near the
surface (Figure 4-4a and b). In contrast, a clear two layer current structure is
observed during neap tide, with an outflow of 0.4 m s−1 near the surface and
inward current of 0.2 m s−1 near the bottom of the channel (Figure 4-4c and
d).
Figure 4-5 shows the lateral residual current observed in the two crosssections. During spring tide a clockwise transverse residual circulation is observed. Moreover, the maximum northward current is observed at the surface
near the north side, with values of 0.2 m s−1 (Figure 4-5a) in cross-section A
and 0.1 m s−1 in cross-section B (Figure 4-5b), respectively. Integrating lateral
residual current over the depth at the end of transects yields a net water transport through the north side. This phenomenon is referred to as water leakage.
During neap tide, a more complicated residual circulation pattern is observed.
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In both cross-sections, a clockwise structure is found over the north shoal. However, in cross-section A, an anti-clockwise circulation is observed over the south
shoal (Figure 4-5c). In cross-section B, a three layer structure is observed close
to the south side, with southward current near both the water surface and the
bottom and northward current in the middle water layer. The magnitude of
the transverse residual current has a similar value, of about 0.1 m s−1 during both spring and neap tide, and it occurs at the surface near the north side
(Figure 4-5d).
4.2.2

Model

The observations presented in section 4.2.1 reveal differences in structure of
lateral residual current and of residual SSC in the two cross-sections during
both spring and neap tide. These data add to both observational and model
studies that focus on longitudinal distribution of SSC in the Yangtze Estuary
(Wu et al., 2012; Jiang et al., 2013; Song and Wang, 2013; Wan and Zhao, 2017).
Differences in each cross-section between spring and neap tide mainly concern
the intensity of lateral current. Thus, these data support the two hypotheses of
the present study, which will be tested with an exploratory 3D model.

4

Figure 4-4: Distribution of longitudinal residual current (in cm s−1 ) in a. cross-section A
during spring tide; b. cross-section B during spring tide; c. cross-section A during neap
tide and d. cross-section B during neap tide; z† is distance to the mean water surface.
Orientation of all the plots is into the estuary.

74

longitudinal variation in lateral trapping of fine sedimen

Figure 4-5: Distribution of lateral residual current (in cm s−1 ) in a. cross-section A
during spring tide; b. cross-section B during spring tide; c. cross-section A during neap
tide and d. cross-section B during neap tide; z† is distance to the mean water surface.
Orientation of all the plots is into the estuary. In panels b and d, positive (negative)
values denote northward (southward) current.

4

4.2.2.1

Model domain

The model domain represents an estuarine channel with two straight parts,
connected by a curved segment (Figure 4-6). This configuration mimics the
gross characteristics of an estuary, like the one considered in section 4.2.1. The
channel has a constant width, an along-channel uniform bathymetry and open
boundaries at both the landward and the seaward end. In the lateral direction,
a smooth bottom profile is imposed. The length and half width of channel are
denoted by L and B, respectively. A curvilinear x, y and σ−coordinate system
is adopted (Figure 4-6a), with the origin at the free surface and middle of the
landward side section (x = 0). Here, x follows the along-channel direction,
y = −B, B are the locations of the southern/northern regulation lines and
σ = (z − ηs )/D, in which z is vertical distance to the undisturbed water surface
and z = ηs is the level of the instantaneous free surface. The bottom is located at
z = −h(y) (Figure 4-6b). The curvature varies as a function of x and is described
by R = Rmin R̆(x), in which Rmin is the minimum radius of the curvature and
h
i −1
2π(x−xcur )
R̆ = 21 + 12 cos
is a dimensionless function. Here, the limits
x2 −x1
of the curved segment are denoted by x1 and x2 . At xcur = (x1 + x2 )/2 the
radius of curvature reaches its minimum (Figure 4-6c). Note that D = h + ηs is
the total instantaneous depth, hence, z = z† + ηs (σ + 1). In the present study,
it is assumed that the typical amplitude [ηs ] of the instantaneous sea surface
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Figure 4-6: Sketch of the model domain; (a) top view and (b) side view. A σ-coordinate
system (x, y, σ) is used with the origin at the free surface and middle of the landward
side, where freshwater input from the river is imposed. The landside entrance (0 km)
is located at the reference point (see Figure 4-1b). The positive x-axis points seaward,
the y-axis points from left to right when looking landward, and σ denotes the relative
depth from surface (σ = 0) to the bottom (σ = −1). The bottom profile z = −h(y) is
uniform in the x direction and is arbitrary in the y direction. c. Dependence of dimensionless function R̆−1 = Rmin /R on longitudinal coordinate x, where R is the radius of
the curvature and Rmin is the minimum value of R.

4.2.2.2

Hydrodynamics

Following earlier studies (e.g. Hansen and Rattray, 1965), a linear model for
steady currents is applied. The Coriolis term in the longitudinal direction is
ignored because it is small compared to other terms. The equations for residual

4

elevation is small compared to the undisturbed depth h, i.e., ε ≡ [ηs ]/h ∼ 0.1,
which implies that z ' z† .
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current in 3D σ−coordinates (see the supplementary material S.3.1.1 for their
derivation) read
Z0 

∗


1 ∂
∂u
∂ρ
dσ̃ + 2
Av
,
∂σ
h ∂σ
σ ∂x


Z 0  ∗
∂η
∂ρ
1 ∂
∂v
g
0 = −fu − g
dσ̃ + 2
Av
,
− h
∂y ρr σ ∂y
∂σ
h ∂σ
Z0
Z0
∂
∂
hudσ +
hvdσ = 0.
∂x −1
∂y −1

4

g
∂η
− h
0 = −g
∂x ρr

(4-2a)
(4-2b)
(4-2c)

Here, Eq. 4-2a is the longitudinal tidally averaged momentum balance, which
contains the barotropic pressure gradient force, the baroclinic pressure gradient
force and the internal friction force. Eq. 4-2b is the lateral momentum balance
with on its right hand side the Coriolis force, forces due to barotropic pressure
gradient, baroclinic pressure gradient and friction. The superscript ∗ denotes
that the horizontal density gradients in both the longitudinal and lateral direction are taken at a fixed z† level. Eq. 4-2c expresses tidally mean conservation
of mass. A dimensionless parameter σ0 ' z0 /h is defined, in which z0 denotes
the local roughness length. In these equations, u, v are the tidal mean current
components in the longitudinal and lateral direction, respectively. It is assumed
that u and v are zero inside the roughness element layer. The Coriolis parameter f ∼ 10−4 s−1 and Av is a spatially varying eddy viscosity and expression
will be given in Section 4.2.2.4. Note that channel curvature can induce lateral residual circulation (Kim and Voulgaris, 2008) as well as transport through
boundaries (as shown in section 4.2.1). The curvature induced circulation is ignored in the present work, as it is much smaller than that induced by the lateral
density gradient (for details see the supplementary material S.3.3).
In the model, density gradients are prescribed and values are motivated by
field data. First, following Warner et al. (2005), it is assumed that



x + xc − L
1
.
(4-3)
< s >= s∗ 1 + tanh
2
xL
Here, s∗ (∼ 35 psu) is the salinity at sea, < s > denotes the time-independent
cross-sectional mean density, x = L − xc the position at which the salinity is half
of its value at sea, the salinity intrusion limit (where the salinity < s >= 0.12s∗ )
is at x = L − (xL + xc ). Parameters xc and
 xL are determined by fitting data to
∗

Eq 4-3. Furthermore, it is used that ∂ρ
= β ∂<s>
∂x
∂x .
 ∗
∂ρ
It is further assumed that ∂y
is constant in the vertical direction and
 ∗
∂ρ
it is imposed as a function of the lateral distance: ∂y
= ar (y/B) + br , in
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which ar and br are constants that are determined from the field data. Finally,
the aspect ratio of the lateral and longitudinal density gradient is assumed to
be constant in the x-direction, i.e.

(∂ρ/∂y)∗
(∂ρ/∂x)∗

=

(∂ρ/∂x)∗

(∂ρ/∂y)∗
(∂ρ/∂x)∗ x=x
m

with xm being

the location where
attains its maximum value.
The boundary conditions at the free surface and at the bottom are given by
1
∂u
1
∂v
Av
= 0,
Av
=0
at
h
∂σ
h
∂σ
u = 0, v = 0
at
σ = −1.

(4-4a)

σ = 0,

(4-4b)

At y = −B, it is assumed that there is no net water transport. At y = B, net
water transport is allowed, in order to be able to mimic situations as were
discussed in section 4.2.1. This results in the following boundary conditions:
Z0
hvdσ = 0

at

y = −B,

(4-5a)

hvdσ = qo f(x)

at

y = B.

(4-5b)

−1
Z0

Here, qo is a constant water transport (imposed in the model) and f(x) is a
dimensionless function that describes the distribution of net water transport in
the longitudinal direction. The water leakage through the side, as expressed
by the right-hand side of Eq. 4-5b, occurs when the water elevation is higher
than the channel side during part of a tidal cycle. The amount of water leakage
at the north side is assumed to be proportional to R̆−1 , i.e., the reciprocal of
the dimensionless channel curvature. This is because due to centrifugal forces,
surface water layer flows from inner bend to outer bend and causes a set up
of water at the outer bend. It is assumed that in the remaining reaches the
amount of water lost at the curved segment returns through
the north side of
Rx
the channel with a constant rate qo fc , where fc = L−1 x12 R̆−1 dx. Hence, f(x)
along the channel reads

f(x) =

1/R̆ − fc ,
x1 6 x 6 x2 ,
−fc ,
0 6 x 6 x1 and x2 6 x 6 L.

(4-6)

At the landward entrance, a net transport of freshwater is imposed with a
constant discharge Qr ,
ZB Z0
hudσdy = Qr
−B −1

at

x = 0.

(4-7)

4

−1

78

longitudinal variation in lateral trapping of fine sedimen

4.2.2.3

Sediment dynamics

Mass conservation of sediment yields an equation for SSC (see S.3.1.2), which
to a first approximation reads
∂
∂σ



Kv ∂c
ws c +
= 0.
h ∂σ

(4-8)

Here, c is the SSC and ws is the constant settling velocity and Kv is the vertical
eddy diffusion coefficient, which will be discussed in the next section. At the
surface, there is no flux of sediment,

ws c +

Kv ∂c
=0
h ∂σ

at

σ = 0.

(4-9)

At the bottom, a vertical turbulent diffusive flux is imposed that describes
the amount of sediment being eroded from the bed:

4

Es ≡ −

Kv ∂c
= ws ĉ
h ∂σ

at σ = −1 + σa .

(4-10)

Here, ĉ is a reference concentration, which depends on bottom stress (in principle known) and an as yet unknown sediment availability. Moreover, za = hσa
is the reference height. For simplicity, σa = σ0 is chosen. The solution of the
SSC equation (Eq. 4-8) reads

c = ĉ φ(σ, h(y)),

(4-11)

with φ(σ, h(y)) describing the vertical distribution of SSC, which can be determined for a given Kv (e.g., if Kv /ws is a constant, φ(σ, h(y)) is an exponential
function). Note that ĉ is the approximation of the tidally mean bottom SSC. In
order to determine ĉ, the condition of morphodynamic equilibrium (i.e., averaged over the tidal period, erosion balances deposition of sediment) is applied
to the full SSC equation. This implies that the divergence of the sediment transport must vanish, hence
∂Tx ∂Ty
+
= 0,
∂x
∂y

(4-12)
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in which Tx , Ty are the residual sediment transport in the x, y direction, given
by
Z0



∂c
h u c − Khx
dσ,
∂x
−1


Z0
∂c
h v c − Khy
dσ.
Ty =
∂y
−1

(4-13a)

Tx =

(4-13b)

Furthermore, Khx and Khy are constant horizontal eddy diffusion coefficients
in the longitudinal and lateral direction and will be further discussed in the
next section. In this model, u and v in Eq. 4-13a and b are residual currents,
thus sediment transport due to tidal pumping is not considered. Substitution
of Eq. 4-11 into Eq. 4-12 and 4-13a, b yields an equation for ĉ, i.e.,
∂
∂x





∂ĉ
∂
∂ĉ
I1 ĉ + I2
+
I3 ĉ + I4
= 0,
∂x
∂y
∂y

(4-14)

with

I1 =

Z0
huφ dσ,

I2 = −

−1
Z0

hKhx φ dσ,
−1



∂φ
dσ,
I3 =
h vφ − Khy
∂y
−1

4

Z0

Z0
I4 = −

(4-15)
hKhy φ dσ.

−1

Here, I1 and I3 are transports of sediment in the longitudinal and lateral direction in the case of unlimited sediment supply and I2 ∂ĉ/∂x, I4 ∂ĉ/∂y are
transports induced by gradients in the reference concentration.
The conditions for sediment at the two lateral boundaries are

Ty = 0

at

y = −B,

(4-16a)

Ty = qsed f(x)

at

y = B.

(4-16b)

Here, qsed is a given constant sediment transport and function f(x) is described
in Eq. 4-6. Physically, the right-hand side of Eq. 4-16b represents the amount
of sediment leakage at the north side of the channel, which is related to water
leakage. Furthermore, sediment transport at the landward entrance is given by
ZB
−B

Tx dy = Qsed

at

x = 0.

(4-17)
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where Qsed is a constant sediment discharge. Finally, it is imposed that
1
2BL

ZB ZL
ĉ dxdy = cb ,

(4-18)

−B 0

where cb is a given domain averaged near-bed sediment concentration.
4.2.2.4

Turbulence closure

Previous studies, such as Geyer et al. (2000), have shown that in an unstratified
water column the maximum eddy viscosity is usually observed in the middle
of the water column, but with increasing stratification it becomes smaller and
its location shifts to the bottom. Hence, to capture the basic characteristics of
turbulent exchange processes in both weakly stratified (spring tide) and highly
stratified (neap tide) situation, a formulation of vertical eddy viscosity is used
that depends on σ. The vertical eddy viscosity coefficient follows that of Chen
and Swart (2016),

4

Av = κǔ∗ h Aσ .

(4-19)

In this expression, κ = 0.41 is the von Karman’s constant, ǔ∗ is a constant
friction velocity, h is depth and Aσ describes the dependence of eddy viscosity
on coordinate σ. Parameter ǔ∗ is calculated from the expression (for derivation
see the supplementary material S.3.1.3):
"
16 1/2
ǔ∗ =
C UT 1 + 2
15π d



Ures
UT

2

3
+
2



Ut
UT

2 !#
.

(4-20)

Here, Cd ∼ 1 · 10−3 is a drag coefficient, Ures , Ut and UT = Ures + Ut are
characteristic scales of the overall residual current, tidal current and total current. In this study, observations in cross-section A are used to estimate the
values for Ures , Ut and UT during spring tide and neap tide, respectively (see
section 4.2.1).
The function Aσ in Eq. 4-19 reads

Aσ =


 (σ + 1)(σp − σ),
 (AI − As )

σ
σh

−1 6 σ 6 σh ,

2

+ As ,

σh 6 σ 6 0.

(4-21)

with AI = (σh + 1)(σp − σh ) the value of Aσ at σ = σh and As is the value of
Aσ at the free surface. A sketch of Aσ as a function of σ is presented in Figure 47. The formulation of Aσ contains two input parameters, viz. As and σp , with
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the values determined from field data. The first parameter measures intensity
of turbulence at the surface. Based on surface eddy viscosity results from Figure
2 of Cheng (2014), As is formulated as Log10 (As ) = as (h − hmin )h−1
mean + bs ,
which describes lower surface eddy viscosity values with increasing water
depth. Here as and bs are input parameters. The second parameter is related
to the height of the turbulent bottom boundary layer (hb ), i.e., hb = (1 + σp )h
(see Figure 4-7). As discussed by e.g. Ralston et al. (2008), hb decreases when
the water column becomes more stratified. By fitting Eq. 4-21 to observed vertical eddy viscosities, it was found in chapter 2 (also see in Chen and Swart,
2016) that
hb ≡ h(1 + σp ) = h[exp(0.78Ri0.36 )]−1 ,

(4-22)

where Ri is the bulk Richardson number defined in Eq. 4-1. In this model, Ri is
an input parameter and its value will be determined from field data. The values
for parameters σh and AI in Eq. 4-21 follow by requiring that at σh both Aσ
and its derivative ∂Aσ /∂σ are continuous.
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Figure 4-7: Vertical profile of Aσ (solid line) according to Eq. 4-21 (adjusted from Figure 1
of Chen and Swart (2016). Note that hb /h is the scaled turbulent bottom boundary layer,
as is denoted by the grey area.
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The vertical diffusion coefficient Kv is calculated as Kv = Sc Av , in which Sc
is the Schmidt number given as

Sc =

(1 + 3.33Ri)−1.5
.
(1 + 10Ri)−0.5

(4-23)

This choice is based on the results of Munk and Anderson (1948), who presented Eq. 4-23 in terms of the gradient Ri . Here, the bulk Richardson number
is used as an estimation of the gradient Richardson number.
The horizontal turbulent eddy diffusion coefficients in the longitudinal (Khx )
and lateral direction (Khy ) are assumed to have different values. The longitudinal coefficient is due to both vertical and horizontal shear dispersion and the
lateral diffusion coefficient is mainly the result of vertical shear dispersion. In
tidal estuarine environments, Khx is typically 100 ∼ 200 m2 s−1 and values of
Khy are an order of magnitude smaller (Zimmerman, 1986).
4.2.3

Solutions

4

As is detailed in section S.3.2.1 S2-1 andS.3.2.2 of the supplementary material,
the residual current reads

u = ud + uQ ,

(4-24a)

v = vf + vd + vR .

(4-24b)

The longitudinal residual current contains two contributions. The first (ud ) is
driven by the longitudinal density gradient (∂ρ/∂x). The second contribution
(uQ ) is induced by the longitudinal net water discharge, which results from
two sources: the leakage of water at the north side (Eq. 4-5b) and the fresh
water input at the landward entrance (Eq. 4-7). In the lateral direction, the
residual current contains three contributions that are due to Coriolis deflection
of longitudinal residual current (fu), the lateral density gradient ∂ρ/∂y and
leakage (R), respectively.
The equation and boundary conditions for φ = c/ĉ are obtained by substitution of Eq. 4-11 into Eqs. 4-8 to 4-10 and subsequently dividing all terms
by ĉ. After that, integration of the equation and application of the boundary
conditions yield an explicit expression for φ, which is given in supplementary
material S.3.2.3.
To find the solution for the reference sediment concentration ĉ, the morphodynamic equilibrium condition Eq. 4-14 must be solved. Note that in contrast to
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previous studies (e.g., Huijts et al. (2006) and Chernetsky et al. (2010)), the equation is two-dimensional. Solutions are obtained by a novel iteration procedure,
where in the initial step only the term involving the lateral sediment transport
is considered. The error made in the initial step (by ignoring the longitudinal
sediment transport) is then compensated at further iteration steps (n = 1, 2, ...).
It means that Eq. 4-14 is solved, where in the first term ĉ at iteration step (n − 1)
and in the second term ĉ at step n is used. The details of the iterative procedure
and expressions for ĉ are presented in the Appendix.
Set-up of experiments

First, two experiments were carried out to verify whether the model results
is able to mimic the main characteristics of current and SSC distribution that
are also observed in the field. The first experiment is referred to as RS, which
describes the reference state at spring tide, and the latter is referred to as RN,
which represents the reference case at neap tide. The parameter values used
as model input are given in Table 4-1. These values are representative for the
North Passage of the Yangtze Estuary in China, during spring and neap tide,
respectively. Parameters that adopted from this study and other references are
cited in the footnote of this table.
Next, additional experiments were conducted to verify the first hypothesis,
i.e., the longitudinal variation in intensities of the lateral current components vf ,
vd and vR are responsible for the longitudinal variation of sediment entrapment
in the lateral direction. Settings of the first experiments are the same as that in
RS, except that lateral residual current is only driven by Coriolis deflection
of longitudinal residual current. In the second experiment, the lateral current
is only induced by the density gradient. The third experiment is as RS, but
in the lateral direction only the effect of leakage is accounted for. The fourth
experiment is as RS, but it excludes the leakage.
To test the second hypothesis, i.e., that differences in SSC between spring
and neap tide mainly concern their intensities, four more experiments were
carried out. These experiments were designed like those in the first series, except that parameter values mimic the conditions at neap tide (reference case
RN) instead of at spring tide. The details of all experiments are summarised in
Table 4-2.

4

4.2.4

Table 4-1: Values of the model input parameters

Value

Overall tidal current (a)

Water input rate at the curved side(a)

Lateral salinity gradient parameter II (a)

Lateral salinity gradient parameter I (a)

Intrusion length parameter (a)

Distance from seaside of which s = s∗ /2 (a)

Bulk Richardson number (a)

Roughness height (c)

Minimum radius of the curvature (b)

Coriolis parameter (a)

River discharge (a)

Mean water depth (a)

Half of channel width (a)

Channel length (a)

ws

Ures

Ut

qo

br

ar

xc + xL

xc

Ri

z0

Rmin

f

Qr

H

B

L

kg s−1 m−1

mm s−1

m s−1

m s−1

m2 s−1

psu m−1

psu m−1

km

km

m

km

s−1

m3 s−1

m

m

km

0.1

1.5

0.3

1.5

11 ×10−3

−1 ×10−3

32

50

0.7 ×10−4

3.5 ×103

11.3

1525

0

0.2

0.2

0

35

neap tide

Overall residual current (a)

qsed

Unit

Sediment leakage per unit width

Settling velocity (d)

Qsed

Symbol

Sediment discharge at landside entrance

as
kg

Parameter description

Surface eddy viscosity parameter I

bs
m2 s−1

12

0.5

8

0.7

6 × 10−3

2.0

150

−2

−3

1.0

10

1.5

800

0.3

5 × 10−3

57

Surface eddy viscosity parameter II

cb

spring tide

Domain averaged near-bed SSC (a)

Khx

kg s−1

Longitudinal horizontal diffusion coefficient

Lateral horizontal diffusion coefficient
Khy
m2 s−1
60
Sources are (a) from this study, (b) Chen and Le (2005), (c) Wu et al. (2009) and (d) Shi et al. (2003) and Wang et al. (2006)
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Table 4-2: Description of model experiments
Aim

1

2

Description

RS

parameters for spring tide condition are used as the model input

RN

parameters for neap tide condition are used as the model input

RS-1

as RS, but for ∂ρ/∂y = 0 and qo = 0

RS-2

as RS, but for Coriolis parameter f = 0 and qo = 0

RS-3

as RS, but for Coriolis parameter f = 0 and ∂ρ/∂y = 0

RS-4

as RS, but for qo = 0

RN-1

as RN, but for ∂ρ/∂y = 0 and qo = 0

RN-2

as RN, but for Coriolis parameter f = 0 and qo = 0

RN-3

as RN, but for Coriolis parameter f = 0 and ∂ρ/∂y = 0

RN-4

as RN, but for qo = 0

results

In this section, output of the model in two cross-sections and in one horizontal surface is presented. The first two are sections T1 and T2, and they are
located at similar positions as cross-sections A and B in the North Passage of
the Yangtze Estuary (see Figure 4-1), respectively. The horizontal surface is the
σ = −0.95, located near the bed. The results of the cases RS and RN are shown
in section 4.3.1, followed by those of the sensitivity experiments in section 4.3.2.
In section 4.3.3, the near-bed SSC distribution results of the experiments is presented.
4.3.1

Cases RS and RN

Figure 4-8 shows the modelled transverse distribution of longitudinal and lateral residual current and of SSC in cross-sections T1 and T2 for case RS. The
model results resemble main features of the observed situation at spring tide
that were presented in section 4.2.1. The longitudinal residual current (Figure 48a and b) is mostly seaward at both two cross-sections. Weak landward current
is only found near the bottom of the deep channel. In Figure 4-8c and d, the
modelled transverse residual current in T1 and T2 is shown. The panels reveal
three main aspects of the observed lateral current (Figure 4-5a and b). First, the
circulation is clockwise in both cross-sections, but northward current is more
dominant in T1 than in T2. Second, the maximum residual current is found
both at the surface above the deep channel and near the north side of T1 and
T2. Third, the circulation in T2 is weaker than that in T1. Furthermore, the
lateral distribution of SSC shows two maxima in T1 and only one near the
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Figure 4-8: Transverse distribution of (a and b) longitudinal residual current, (c and d)
lateral residual current, and (e and f) SSC in the RS case (spring tide). The left/right
column denotes the model results in cross-sections T1/T2. Here, z† denotes distance
to the mean water surface. Units of values are cm s−1 in a-d, and kg m−3 in e and f.
Orientation of all plots is into the estuary.

south shoal in T2 (Figure 4-8e and f), which is consistent with the observations
(Figure 4-2 and b).
The results of reference case RN are presented in Figure 4-9 and show that
the main characteristics of the residual current and SSC in neap tide are captured by the model as well. Regarding the longitudinal current, the observed
two layer structure (Figure 4-4c and d) is reproduced by the model (Figure 49a and b). In the lateral direction, both the observations (Figure 4-5c and d)
and model (Figure 4-9c and d) show a clockwise circulation, and a maximum
northward current at the surface near the north side. The basic pattern of the
modelled SSC (Figure 4-9e and f) is similar as that during spring tide (Figure 48e and f), and consistent with the data (Figure 4-2c and d).

Figure 4-9: Transverse distribution of (a and b) longitudinal residual current, (c and d)
lateral residual current, and (e and f) SSC in the RN case (neap tide). The left/right
column denotes the model results in cross-sections T1/T2. Here, z† denotes distance to
the mean water surface. Units are cm s−1 in a-d, and kg m−3 in e and f. Orientation of
all plots is into the estuary.

4.3.2

Sediment distribution due to individual mechanisms

Figure 4-10 displays the modelled transverse distribution of SSC of four different cases (for spring tide condition). In case RS-1, when the lateral current
is only driven by Coriolis deflection of longitudinal current, SSC slightly increases from the south side to the north side in both T1 and T2 (Figure 4-10a
and b). On the contrary, if the residual current is driven by density gradient
(RS-2), SSC increases from the north side to the south side (Figure 4-10c and
d). When the lateral process is due to leakage only (RS-3), the SSC in T1 has a
minimum near the south side and it increases towards the north side. The SSC
near the north side is much larger than that near the south (Figure 4-10e). In
T2, the SSC also increases from the south to the north, however the difference
between the two sides is much smaller than that in T1 (Figure 4-10f). In case
that all current components are included except the one due to leakage (RS-4),
the SSC distributions in the two cross-sections are similar to that of case RS-2,
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Figure 4-10: Transverse distribution of SSC (in kg m−3 ) of (a) and (b) case RS-1, (c) and (d) RS-2, (e) and (f) RS-3 and (g) and (h) RS-4.
The upper panel and lower panel show the results in T1 and T2, respectively. Here, z† denotes distance to the mean water surface.
Orientation of all plots is into the estuary.
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i.e., only one maximum value is observed on the south side (Figure 4-10g and
h). Comparing the results of these cases with those shown for RS (Figure 4-8e
and f) reveals that the SSC maxima near the south sides of T1 and T2 are mainly
due to the suspended sediment trapping by the lateral density gradient, while
the second SSC maximum near the north side of T1 is caused by leakage.
Figure 4-11 shows the modelled transverse distribution of SSC of four different cases for neap tide condition. Comparing the results with those shown
in case RN (Figure 4-9e and f) shows that all of the three mechanisms that are
investigated in this model are important at T1, in which the Coriolis effect (RN1) and the leakage (RN-3) cause sediment trapping near the north side while
the density gradient (RN-2) pushes sediment to the south side. At T2, high SSC
near the south side is mainly caused by the lateral density gradient (Figure 411d). Note that Coriolis effect causes an increase of SSC from the south side
to the north side during neap tide (Figure 4-11a and b), which does not occur
during spring tide (Figure 4-10a and b). When the lateral current is only driven
by the density gradient (Figure 4-11c and d) or leakage (Figure 4-11e and f), the
transverse distribution of SSC shows similar spatial patterns to those during
spring tide (Figure 4-10c-f), but with smaller SSC values. Results of case RN-4
also show only one SSC maximum on the south side of the two cross-sections,
but with values that are much smaller than those of RS-4 (Figure 4-10g and h).
Since the lateral distribution of SSC is induced by residual current, it is
relevant to present the structure of each single current component. As is shown
in (Figure 4-12a and b), during spring tide the residual current induced by
Coriolis deflection of longitudinal current in the two cross-sections shows an
anti-clockwise structure, whereas its magnitude is rather small. On the other
hand, the density driven current shows a clockwise structure and is important
in both T1 and T2 (Figure 4-12c and d). The residual current due to leakage
is northward in the entire cross-section, however, it is only important in T1
(Figure 4-12e and f). During neap tide, the residual current components that
are driven by these mechanisms show the same patterns as those during spring
tide (not shown).
4.3.3

Near bed SSC distribution in the estuary

The magnitudes of Coriolis induced lateral current and density driven lateral
current largely vary in the estuary, and thus changes in the trapping characteristics of SSC on the scale of the entire estuary are to be expected. Hence, it is
interesting to present an overall picture of SSC distribution in the estuary. Figure 4-13a displays the near bed (at level σ = −0.95) SSC distribution for the RS
case (spring tide). In this case, the two modelled cross-sections T1 and T2 are
located in the core of the turbidity maximum. The zones where SSC is large are
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Figure 4-11: Transverse distribution of the residual SSC (in kg m−3 ) of (a) and (b) case RN-1, (c) and (d) RN-2, (e) and (f) RN-3 and
(g) and (h) RN-4. The upper panel and lower panel show the results in T1 and T2, respectively. Here, z† denotes distance to the mean
water surface. Orientation of all plots is into the estuary.
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found in the middle (30 − 40 km) and at the seaward boundary, respectively.
This results from the joint action of down-estuary sediment transport by the
river current and up-estuary sediment transport by the longitudinal density
driven current, which has its largest value around 50 km. Moreover, note that
in the middle of the estuary, two high SSC values do not appear at the same
longitudinal location. The one near the north side is at 35 km and the one on
the south side is at 40 km. This difference is attributed to the sediment distribution due to individual lateral current mechanisms. When the lateral current
is only driven by Coriolis deflection of longitudinal current, the largest SSC
is found at 35 km near the north side (Figure 4-13b), whereas if the residual
current is only driven by density gradient, higher SSC values are found on the
south side of the estuary with the maximum located at 40 km (Figure 4-13c).
The sediment trapping caused by leakage also occurs at 35 km at the north side
(Figure 4-13d). The results of case RS-4 (Figure 4-13e, Coriolis and density gradient are included, but no leakage) reveal that there is only one SSC maximum
in all cross-sections. At the riverside, SSC has a higher value on the north side
than on the south side. Towards the seaside, more sediment is trapped on the
south side of the domain. In the lower reach, the value of SSC is larger near the
south side than near the north side.
In the RN case (neap tide), Figure 4-13 shows that the cross-sections T1 and
T2 are located downstream of the turbidity maximum. SSC values are high in
the middle of the estuary, with local maxima near both lateral sides (Figure 413f). Moreover, Coriolis deflection induced lateral current causes sediment trapping at 30 km (Figure 4-13g), which is further up-estuary when compared with
that in spring tide (Figure 4-13b). When the lateral residual current is driven

4

Figure 4-12: Transverse distribution of the residual current (in cm s−1 ) in (a) and (b)
RS-1, (c) and (d) RS-2 and (e) and (f) RS-3. The upper panel and lower panel show the
results in T1 and T2, respectively. Here, z† denotes distance to the mean water surface.
Orientation of all plots is into the estuary.
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Figure 4-13: Near bed (level σ = −0.95) distribution of the residual SSC (in kg m−3 )
in the estuary during spring tide (left column) and during neap tide (right column).
Subplots a-e are the results of experiments RS, RS-1 (only Coriolis deflection), RS-2 (only
lateral density gradients), RS-3 (only leakage) and RS-4 (Coriolis deflection and lateral
density are included, but no leakage). The subplots f-j represent the SSC computed
from RN, RN-1, 2, 3 and 4, respectively. The landside entrance (0 km) is located at the
reference point (see Figure 4-1b). The triangles denote the locations of two modelled
cross-sections T1 and T2.

by across-channel density gradients, the SSC maximum is located at the end of
the estuary (Figure 4-13h). Figure 4-13i shows the distribution of SSC caused
by the lateral current due to leakage, which is the same as that during spring
tide. Finally, Figure 4-13j shows the modelled near bed surface SSC distribution
for the case RN-4, which is similar to that during spring tide (RS-4).

4.4 discussion

4.4.1

discussion
Model assumptions and their connection to field data

The present study focuses on gaining fundamental understanding about longitudinal variations in the lateral trapping of sediment. Therefore, a highly idealised model has been designed that includes a minimum number of processes
in order to explain gross aspects of observed residual velocity and turbidity
characteristics in the North Passage, a branch of the Yangtze Estuary. The key
processes in this model are sediment transport by river current, density driven
current, leakage and by lateral current that results from Coriolis deflection of
residual longitudinal current.
By construction, the model yields a simplified view on what happens in
real estuaries. In particular with regard to the Yangtze Estuary, analysis of both
field data (Li and Zhang, 1998; Jiang et al., 2013) and of numerical model output
(Song and Wang, 2013) indicates that longitudinal trapping of sediment is not
only due to gravitational circulation, as is the case in the present model. Other
important processes are tidal pumping (i.e., net transport due to the correlation
between tidal currents and tidally varying SSC), sediment transport by Stokes
return current and transport by residual current that results from tidal straining.
Other studies also point at the importance of wind (North et al., 2004), stirring
of sediment by wind waves at the intertidal areas (Green, 2011) and flocculation
processes (Winterwerp et al., 2013). Note that in the present model, flocculation
is only considered in a simple way, by using different values of settling velocity
during spring tide and neap tide.
The presence of Stokes return current is evident from Figure 4-4, which
shows the observed structure of longitudinal residual current at the two transects. During spring tide the Stokes return current is larger than during neap
tide, because it scales quadratically with the tidal amplitude (Ianniello, 1977).
This explains why the observed discharge through the cross-sections was larger
during spring than during neap tide, albeit the river discharge was almost the
same at those times.
The reasons to ignore processes in the model other than those included are
twofold. First, earlier subtidal models have proven to be remarkably successful in explaining observed amplitudes of the estuarine circulation (Scully et al.,
2009) and of lateral and longitudinal distribution of SSC (Huijts et al., 2006;
Talke et al., 2009b). The present study further supports the success of subtidal models. Second, adding new processes has to be done with extreme care,
as some of them lead to seaward sediment transport (such as Stokes return
current), whereas others result in landward sediment transport (e.g., residual
current due to tidal straining, see Burchard et al. (2013)) and they partially
cancel.
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There are three other aspects that deserve discussion. First, the observed
SSC maxima in the deep channel of the two transects (Figure 4-2), especially
those during the neap tide, are not captured by the model. This is attributed to
the fact that in reality, the channel in the North Passage of the Yangtze Estuary
is deep and narrow (compared to the cross-sectional mean depth and width,
see Figure 4-1). The vigorous tidal currents in the channel stir sediment from
the bottom, but the steep slopes prevent the sediment to be laterally distributed.
Mimicking that situation in the model is not possible, given the assumptions
that nonlinear terms are small (in fact, they scale with the bottom slope), the
lateral density gradient is uniform and that sediment transport does not contain
a component that is directly forced by bottom slopes.
Second, the assumption that the bottom profile is uniform in the longitudinal direction limits a straightforward application of the present model to estuaries that have strong longitudinal variations in depth, e.g., the Hudson River
Estuary (see Figure 1 of Geyer et al. (2001)). Depth variations in both lateral
and longitudinal direction will result in much more complicated residual current phenomena (Monismith et al., 2002; Valle-Levinson et al., 2003). For future
research, it would be interesting to investigate lateral trapping of sediment at
different longitudinal locations in more tidal estuaries.
Third, the depth-integrated net water transport obtained from field data
evidently shows a northward directed component at two sampled transects (see
the supplementary material S.3.4 for details). Note that lateral eddies created by
groins that are orthogonal to the channel banks may also contribute to observed
leakage. As shown by Ge et al. (2012), these eddies mainly occur in the area
between the training walls and the regulation lines. More data at different along
channel positions are needed to quantify the possible contribution of these
eddies to leakage.
Moreover, Eq. 4-6 describes that the water and sediment leaking through
the north side in the curved part of the channel is uniformly returned to the
channel in the rest of the domain. Compensation for leakage may take place in
a different way, and that might affect model results in the straight segment of
the estuary. The sensitivity of model results to the way how leakage compensation at lateral boundaries was tested, for the settings of RS and RN, respectively. In these two experiments, water loss due to leakage was compensated
by inflow through the south bank. Results (S.3.5) show that SSC distributions
are slightly changed when comparing with those in default cases (Figure 4-13a
and f). Furthermore, the impact of the formulation for leakage on model results
was investigated. The relation between the longitudinal distribution of leakage
and channel curvature was generalised as

4.4 discussion


f(x) =

1
R̆n
1
−L

−1
Rx2L
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R x2
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x1 R̆n dx,
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dx,
R̆n
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(4-25)

in which parameter n > 0. When n = 1, Eq. 4-25 boils down to Eq. 4-6. The
near bed sediment distribution was modelled by using the settings of RS, but
for n = 0.5 and 2 in Eq. 4-25, respectively. Results of these new experiments
reveal that the parameterisation of leakage has some local effect on the SSC
distribution near the curved segment of the channel, but it does not affect the
overall findings presented in the previous sections (see in S.3.5).
Interpretation of model results

The model results confirm the hypothesis that the different trapping locations
of SSC in the estuary result from the variable intensities of lateral current components at different longitudinal locations. The occurrence of the SSC maxima
near the south side of both T1 and T2 is due to the lateral density gradient,
while the second SSC maximum near the north side of T1 is due to leakage.
Coriolis deflection of longitudinal residual current also causes trapping of sediment near the north side, but in T1 and T2 it is small compared to the former
current components, both during spring and neap tide. Thus, the difference in
lateral pattern of sediment distribution between T1 and T2 is mainly due to
the difference in leakage. From Figure 4-13 it appears that at other locations in
the estuary, different processes are responsible for lateral trapping of sediment.
This is because the magnitude of Coriolis induced lateral current and density
driven lateral current vary on the scale of the entire estuary. As is shown in
Figure 4-13a and f, in the upper reach of the estuary, the lateral current related
to Coriolis effects (that causes sediment trapping at the north side, see Figure 413b and g) becomes more important than that driven by the density gradients
(that causes sediment trapping on the south side, see Figure 4-13c and h). As
a result, SSC tends to be distributed more uniformly in the lateral direction or
becomes slightly larger near the north side. In the lower reach of the estuary,
where the density gradients are strong, higher SSC values are obtained near
the south side ( Figure 4-13e and j).
The difference in longitudinal locations of SSC maxima at spring and neap
tide induced by different current components (see Figure 4-13) is due to the
fact that turbulence during spring is more intense than during neap. When
the lateral current is driven by only Coriolis deflection, sediment is trapped
near the north side, where during spring tide the longitudinal residual current
is mostly seaward (Figure 4-8a and b). During neap tide, this lateral current
is intensified because it experiences less turbulent friction. Moreover, the lower
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intensity of turbulence causes the larger SSC to be closer to the bed, hence more
sediment is trapped near the north side. Meanwhile, at that time longitudinal
current (Figure 4-9a and b) is landward near the bottom, causing sediment to
be moved up-estuary and thus a landward shift of the SSC maximum occurs.
When the lateral current is driven by the lateral density gradient, intensified
residual current at neap tide (compared to spring tide) causes entrapment of
sediment near the south side, which subsequently results in a seaward shift of
the location of the SSC maximum.

4

4.4.3

Sensitivity of results to values of model parameters

To test the sensitivity of the SSC distribution to the choice of the scaled surface
eddy viscosity As (see section 4.2.2.4), extra experiments were performed for
the setting of RS and RN, respectively. A constant As = 0.005 was imposed,
which was obtained by taking cross-sectional mean of As that was used in RS
and RN. The transverse distribution of the longitudinal residual current for a
constant As (Figure 4-8) shows that the maximum seaward current is found
at the surface above the two shoals instead of at the surface above the deep
channel. However, the overall distribution of SSC hardly changes with respect
to that of RS and RN, respectively (see Electronic Supplement S5 for details).
The sensitivity of model results to the choice of qsed , Qsed and the formulation of leakage was also tested (figures are presented in Electronic Supplement S5). Two experiments were conducted with the setting of RS, except for
qsed = 0.05 kg s−1 m−1 and qsed = 0.2 kg s−1 m−1 , respectively. It turns
out that the SSC maxima near the north side increase with smaller qsed and
decrease with larger qsed . These results suggest that the appearance of the maximum SSC values at this side is due to the competition between the accumulation of sediment by water leakage and the loss of sediment by its transport
through the boundary.
The effect of varying Qsed on the distribution of SSC was investigated by
running the model with the setting of RS, but for two more different values
of Qsed , viz. 700 kg s−1 and 900 kg s−1 , respectively. It appears that the different choices of Qsed only quantitatively change the longitudinal distribution
of sediment. As Qsed increases, the location of SSC maximum slightly moves
up-estuary, whereas for a smaller Qsed , the location of SSC maximum moves
down-estuary and more sediment piles up at the seaward boundary.
4.5

conclusions

A new three-dimensional exploratory model has been derived and analysed
with the objective to gain fundamental understanding of the physics of sedi-

ment transport and the presence of turbidity maxima in tidal estuaries. It has
been demonstrated that the model is able to capture the main features of the
observed SSC distribution in two different cross-sections in the North Passage
of the Yangtze Estuary during spring and neap tide. In one cross-section (T1),
two high values of SSC occur near both south and north sides, while in the
cross-section 2 km downstream (T2) only one near the south side was found.
Analysis of model results has revealed that the occurrence of the SSC maxima
near the south side of both T1 and T2 is due to sediment entrapment by lateral density gradients, while the second SSC maximum near the north side of
T1 is due to sediment transport by leakage. Coriolis deflection of longitudinal
current also causes trapping of sediment near the north side, but with less intensity than that of the lateral density driven current during both spring and
neap tide.
Further study of the SSC on the scale of the entire estuary has demonstrated
the lateral trapping of sediment depending on intensities of lateral current
due to Coriolis, density gradients and curvature induced leakage. In the upper reach, where Coriolis deflection of longitudinal current is important with
respect to the lateral density driven current, sediment is more uniformly distributed in the lateral direction or trapped near the north side. In the lower
reach lateral density driven current is the largest and more sediment is found
near the south side. The location of SSC maxima due to the residual current
that induced by leakage remains at the same location, i.e., the position where
the radius of the channel curvature attains the minimum, in both spring and
neap tide. In the case without leakage, there is only one SSC maximum in the
lateral direction at all longitudinal locations. It occurs on the north side in the
upper reach. Further seaward, more sediment is found on the south side of the
cross-section.
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4.a

appendix
Iterative method to construct approximate solutions for ĉ

4.a.1

Eq. 4-14 is rewritten in terms of a scaled reference concentration α = ĉ/cb and
a formal ordering parameter  (= 1) is introduced, this yields



∂α
∂α
∂
∂
(I1 α + I2
)+
(I3 α + I4
) = 0,
∂x |
∂x
∂y
∂y
{z
}
|
{z
}
Tx

(4.A.1)

Ty

with boundary conditions
Ty = 0 at y = −B, and Ty = qsed f(x) at y = B,
ZB
Z Z
1 B L
Tx dy = Qsed at x = 0,
α dxdy = 1.
2BL −B 0
−B

(4.A.2)
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The solution for α and the transport of sediment in the x and y direction are
written as formal series in parameter (= 1), i.e.
α = 0 α0 + 1 α1 + 2 α2 + ...,
Tx = 0 Tx,0 + 1 Tx,1 + 2 Tx,2 + ...,

(4.A.3)

Ty = 0 Ty,0 + 1 Ty,1 + 2 Ty,2 + ...
in which the superscript/subscript n = 0, 1, 2, ... denotes the iteration step. Substituting Eq. 4.A.3 into 4.A.1 and 4.A.2, then collecting terms with equal order
of n yields the equations at different iteration steps.
At the initial step (n = 0),
∂
Ty,0 = 0
∂y
1
2BL

with

Ty,0 = 0

at y = ±B for all x,

(4.A.4a)

ZL ZB
(4.A.4b)

α0 dxdy = 1.
0

−B

The solution reads

α0 = α̂0 (x)Fy ,

 Zy

Fy = exp −
I3 (ỹ)/I4 (ỹ)dỹ .
−B

(4.A.5)
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Note that Fy depends on x and y. The integration coefficient α̂0 (x) is determined by analysing Eq. 4.A.1 at the next iteration step (n = 1):
∂
∂
Tx,0 +
Ty,1 = 0,
∂x
∂y

(4.A.6)

with boundary conditions
Ty,1 = 0 at y = −B, and Ty,1 = qsed f(x) at y = B,
Z Z
ZB
1 B L
α1 dxdy = 0.
Tx,0 dy = Qsed at x = 0,
2BL −B 0
−B

(4.A.7)

Integrating Eq. 4.A.6 over the lateral direction and using the boundary conditions at the lateral sides and then from the riverside boundary down-estuary
yields

∂α̂0
Γa + α̂0 Γb = G(x),
(4.A.9)
∂x

RB
RB 
∂F
in which, Γa = −B I2 Fy dy and Γb = −B I1 Fy + I2 ∂xy dy are functions of
x. The solution for Eq. 4.A.9 reads
 Zx

α̂0 = (γ0 + γc )Fx , Fx = exp − Γb /Γa dx̃ ,
"Z 0
#0
Zx
x
0
G(x )
γc =
exp
Γb /Γa dx̃ dx 0 .
0)
Γ
(x
a
0
0

(4.A.10)

Thus, α is subject to an unknown integration constant γ0 , which is determined
by using the constraint Eq. 4.A.4b. The result is
RL RB
2BL − 0 −B γc Fx Fy
γ0 = RL RB
.
0 −B Fx Fy dydx

(4.A.11)

If the iteration is truncated at the initial step, one error made at this stage is
∂Tx,0 /∂x. The equations for n > 2 read:

4


ZB 
∂α0
dy = G(x)
(4.A.8)
I1 α0 + I2
∂x
−B
Rx
with G(x) = Qsed − qsed 0 f(x̃)dx̃. Substitution of Eq. 4.A.5 into Eq. 4.A.8 yields
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∂
∂
Tx,n−1 +
Ty,n = 0,
∂x
∂y

(4.A.12)

with boundary conditions
Ty,n = 0 at y = −B, and Ty,n = 0 at y = B,
ZB
Z Z
1 B L
Tx,n−1 dy = 0 at x = 0,
αn dxdy = 0.
2BL −B 0
−B

(4.A.13)

By integrating Eq. 4.A.12 from y = −B to y and using the boundary condition
that there is no sediment across the south side (y = −B), the solution reads
Zy
αn = α̂n (x)Fy + Fy
|

∂
− ∂x

Ry 0

−B

−B Tx,n−1 dỹ
exp
I4 (y 0 )

"Z 0
y

#
I3 /I4 dỹ dy 0 . (4.A.14)

−B

{z

}

Fn

In Eq. 4.A.14, the unknown function α̂n (x) is found as follows: First, substituting Eq. 4.A.14 into Eq. 4.A.12 but for n + 1. Second, integrating the obtained
equation from −B to B and then from x = 0 to x and using the corresponding
constraints in Eq. 4.A.13. The solution reads
Zx
α̂n = (γn +
0

|

−Γn (x 0 )
exp
Γa (x 0 )

"Z 0
x

#
Γb /Γa dx̃ dx 0 )Fx ,

0

{z

(4.A.15)

}

γd


RB 
n
in which Γn = −B I1 Fn + I2 ∂F
dy. Finally, the unknown constant γn is
∂x
determined by using the last constraint of Eq. 4.A.13. The result is

γn =

−

RL RB
0

−B (γd Fx Fy + Fn ) dydx
.
RL RB
0 −B Fx Fy dydx

The change between two iteration steps is defined as ξ =
iterative process is terminated when ξ 6 0.1.

(4.A.16)
hP
n−1

i

[

]

i=0 αi max
Pn
i=0 αi max

. The

5
S U M M A RY A N D O U T L O O K

This study provided new insight into several aspects of the dynamics of tidal
currents, residual currents and sediment trapping in estuaries with different
stratification conditions. The main findings and answers to the research questions (see chapter 1) are summarised in section 5.1. Each subsection covers one
of the three research questions. In section 5.2, suggestions for further research
are given.

5.1.1

main findings
Effect of tidal mean density stratification on the vertical structure of the tidal
current amplitude

The second chapter examined the link between tidal mean density stratification,
which sets the spatial structure of the tidal mean vertical eddy viscosity, and
the vertical distribution of the current amplitude of principal tidal harmonics
in estuaries and coastal seas (research question 1 in chapter 1). A specific objective was to explain pronounced surface maxima (surface jumps) and subsurface
maxima (subsurface jets) in the vertical profiles of observed tidal current amplitudes. For this, a semi-analytical model was designed and analysed.
As is illustrated in Figure 5-1, results show three types of tidal current amplitude profiles. For well-mixed conditions, eddy viscosity has a parabolic distribution with its maximum in the middle of the water column. In this case, the
current amplitude has a logarithmic distribution over the vertical. For weakly
stratified conditions and the same tidal forcing, the maximum eddy viscosity
is smaller than that in well-mixed conditions and it occurs closer to the bottom.
In this case, the vertical structure of the current amplitude is logarithmic in a
thin layer close to the bottom. Outside this layer, the current amplitude shows
a “surface jump”, i.e. the value of current amplitude increases faster than in the
logarithmic layer. For highly stratified conditions, the maximum eddy viscosity
becomes even less and its location is even closer to the bottom. Above this thin
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bottom boundary layer, the current amplitude shows a “subsurface jet”, with a
maximum value obtained below the surface.
Analysis of the model revealed the physics that causes the presence of surface jumps and subsurface jets. The jumps occur for moderate stratification
conditions, in which the maximum eddy viscosity inside the water column is
strong enough so that near the surface the generation of the vertical shear of
tidal currents by the curvature of eddy viscosity overcomes the decay of the vertical shear of tidal currents by turbulent exchange processes. Meanwhile, a nearsurface pycnocline (in which vertical density gradients are large) is present, in
which the tidal shear is enhanced and then shear decreases toward the surface more quickly than what would otherwise follow from the law of the wall.
Subsurface jets occur because in highly stratified conditions turbulent vertical
exchange of horizontal momentum only takes place in the bottom boundary
layer, thereby causing an exponentially decaying oscillatory vertical structure
of the tidal current amplitude with increasing height above the bottom.

5

5.1.2

Effect of longitudinal bottom slopes, intensity of tidal forcing and mixed tidal
forcing on the spatial structure of ESCO current

Chapter 3 investigated the dynamics of the residual currents in narrow straight
estuaries that are induced by the covariance between tidally varying eddy viscosity and vertical shear of tidal currents (Eddy viscosity-Shear COvariance,
i.e., ESCO) (research questions 2a, b and c in chapter 1). For this, experiments
with a numerical model study were conducted and the total ESCO current was
decomposed into terms that are induced by individual tidal constituents.
The ESCO current is important for the estuarine circulation in periodically
to weakly stratified estuaries and it is small in highly stratified estuaries. As is
sketched in Figure 5-2a-c, in the case of forcing by a semi-diurnal tide at the
open sea, two main contributors to the ESCO current are the components due
to the semi-diurnal tide and quarter-diurnal tide. For periodically and weakly
stratified estuaries, the former is dominant in the middle reach, while the latter
dominates in the upper reach. In highly stratified estuaries, the ESCO current
is mainly due to the component related to the semi-diurnal tide.
Depending on the degree of stratification and the longitudinal position in
the estuary, the ESCO current due to the semi-diurnal tide has either a twolayer, three-layer or reversed two-layer structure. The two-layer structure is
generated by tidal straining, while the reversed two-layer structure is caused by
tidal asymmetry in the friction velocity (that determines eddy viscosity) due to
the joint action of tidal currents and residual currents. The ESCO current due
to the quarter-diurnal tide mainly shows a two-layer structure. The quarter-

5

Figure 5-1: Examples of eddy viscosity profiles in (a) well-mixed, (b) weakly stratified and (c) highly stratified conditions. Panels
(d), (e) and (f) show modelled profiles of the M2 tidal current amplitude. For well-mixed conditions, the profile is logarithmic. If
stratification is weak, the profile contains a “surface jump” and for highly stratified conditions, the profile shows a “subsurface jet”.
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Figure 5-2: Spatial structure of the total ESCO current in a (a) periodically stratified, (b) weakly stratified and (c) highly stratified
estuary in which the tidal current is forced by a semi-diurnal tide. Panels (d)-(f) are as (a)-(c), but for a weakly stratified estuary that
is forced by (d) a semi-diurnal tide (e) a semi-diurnal tide and two diurnal tides and (f) two diurnal tides. Positive values (white
areas) denote seaward and negative values (grey areas) denote landward currents. Directions and relative importance of the ESCO
current due to individual tidal harmonics with respect to the total ESCO current are sketched with arrows in different colours.
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diurnal eddy viscosity is mainly due to the time-dependent friction velocity,
whilst the quarter-diurnal tidal shear is determined by nonlinear processes.
In case that the external tidal forcing is mixed, i.e., it contains a semi-diurnal
tide and two diurnal tides (see Figure 5-2e), it turns out that main components
that constitute the ESCO current are those due to diurnal tides and ter-diurnal
tides. Both of the two components have a two-layer structure, but the former
component is dominant. If tidal forcing is predominantly diurnal (Figure 5-2f),
the ESCO current induced by the long-periodic tide yields the largest contribution to the total ESCO current in the upper and lower reach of the estuary.
Longitudinal variation in lateral trapping of fine sediment and its dependence
on density stratification

In chapter 4, mechanisms were investigated that cause lateral trapping of suspended sediment at different longitudinal locations for different stratification
conditions (research questions 3a and b in chapter 1). For this, field data collected at two cross-sections in the North Passage of the Yangtze Estuary (see
Figure 5-3) were analysed. Note that part of the North Passage is curved. The
analysis revealed that at one cross-section two high values of suspended sediment concentration (SSC) occur close to the south and north side, while at a
cross-section 2 km down-estuary only one SSC maximum on the south side is
present. This pattern is found during both spring tide and neap tide, which are
characterised by different stratification conditions and different intensities of
turbulence. To understand the observed phenomena, a new three-dimensional
exploratory model was derived and analysed.
As is sketched in Figure 5-3 for spring tide conditions, in the cross-section
closest to the channel curve the clockwise residual current (when looking into
the estuary) due to lateral density gradient transports sediment to the south
side, which results in a local SSC maximum. On the other side of the crosssection, a second SSC maximum occurs because of sediment transport by the
northward residual current due to water leakage.
In the cross-section 2 km seaward from the first cross-section, the residual
current due to the lateral density gradient still causes high SSC on the south
side, whilst that due to leakage is weak and no high value of SSC occurs on
the north side. Coriolis deflection of longitudinal current also causes trapping
of sediment near the north side, but at the location of the two cross sections its
contribution is weak. However, it is important in the upper estuary, where the
lateral density current is weak.
During neap tide, as eddy viscosity becomes smaller compared to that during spring tide, due to stratification induced suppression of turbulence, residual currents are intensified. However, still lateral currents due to lateral density

5

5.1.3

summary and outlook

5

106

Figure 5-3: Sketch of the curved segment of the Yangtze Estuary and observed SSC at
two cross-sections for weakly stratified (spring tide) and highly stratified (neap tide) conditions. The modelled tidally averaged eddy viscosity at spring and neap are presented
as functions of depth. At each cross-section, the modelled residual current components
are denoted by green arrows, and residual sediment transports (both in longitudinal
and lateral direction) are represented by blue arrows.

5.2 outlook

107

gradient and leakage are dominant. A high SSC zone is observed on the south
side of the two cross-sections. In the cross-section closer to the curve, the leakage induced current still causes the second SSC maximum on the north side.
5.2
5.2.1

outlook
Tidal current amplitude

In chapter 2, a new formulation of vertical eddy viscosity was applied, in which
the friction velocity was obtained by linearising the bottom friction (Lorentz,
1922) at a fixed location and prescribed tidal forcing. The vertical structure of
tidal current amplitudes also varies in the longitudinal and lateral direction (see
Figurere 1-4, chapter 1). For a future study, it would be interesting to extend
the current 1D column model to a cross-sectional 2D model. In that case, depth
variations in the lateral direction could be included and the iteration process
(as was explained in chapter 2) would be such that the modified bottom shear
stress gives the same energy dissipation rate as the domain-averaged nonlinear
bottom stress over a tidal period. It would also be interesting to investigate
vertical profiles of other tidal components and of residual currents for different
stratification conditions.
ESCO mechanisms

Chapter 3 focused on the longitudinal dynamics of the ESCO current. Lateral
currents in the model were small, because the estuary was narrow and had no
lateral variations in depth. In natural estuaries, lateral currents are not negligible and they affect the turbulence characteristics (e.g. by lateral tidal straining)
and thereby the longitudinal ESCO. Moreover, the ESCO of the lateral tidal current may contribute to the secondary circulation. Cheng (2014) has examined
the structure of the ESCO current in the middle reach of a straight estuary that
has a triangle lateral bottom profile. For a further study, it would be interesting
to investigate the full spatial structure of the ESCO current in a 3D domain. As
a first step, simple lateral bottom profiles and the Coriolis effect due to earth
rotation could be included.
Regarding ESCO currents driven by mixed tidal forcing, in chapter 3 it was
assumed that the latter contains one semi-diurnal tide and two diurnal tides.
It would be more realistic to include in a future study other constituents (in
particular the semi-diurnal solar tide S2 and the diurnal lunar tide P1 ). For
instance, adding S2 will not only result in the ESCO current due to that tidal
harmonic, but also together with M2 will create a spring-neap cycle, besides
the one due to two diurnal tides as was discussed in that chapter. Taking these
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harmonics into account contribute to a better understanding of ESCO current
and will facilitate comparison of modelled and observed residual currents for
estuaries with mixed tides conditions.
The system considered in chapter 3 was analysed for tidal amplitudes that
are small compared to water depth. However, in many estuaries, e.g. the Qiantang
River Estuary (in Hangzhou Bay) and the Gironde estuary, tidal amplitudes
that are comparable to the mean water depth. This implies highly nonlinear
dynamics and thus the structure of the ESCO forcing becomes much more complicated. The role of nonlinear processes on the ESCO current could be studied
systematically by increasing the intensity of tidal forcing, and/or reducing the
depth, using a cross-sectional model, following the set-up used in Burchard
et al. (e.g. 2011) and Schulz et al. (2015).

5

5.2.3

Sediment trapping mechanisms

The new semi-analytical model derived in chapter 4 has provided insight into
how various physical processes affect the lateral distribution of sediment. There
are however several more processes which also influence the trapping of sediment and they deserve attention in further research. For example, the model
does not explicitly account for tides, apart from setting eddy viscosity, eddy diffusivity, and erosion parameters. Consequently, it ignores the sediment transport by the tide-induced residual currents, which result e.g. from nonlinear
advection of tidal momentum and ESCO forcing (as studied in chapter 3). Also
tidal pumping, i.e. the net sediment transport due to covariance between tidal
currents and the tidally varying sediment concentration, is not considered. Several studies have demonstrated the importance of these processes on sediment
trapping (Chernetsky et al., 2010; Song and Wang, 2013; Kumar et al., 2017). In
a further study, it would be interesting to investigate how these processes affect
sediment dynamics in estuaries with different stratification conditions.
Furthermore, chapter 3 has demonstrated that covariance between tidally
varying eddy viscosity and tidal current shear (ESCO) result in residual currents. Likewise, covariance between temporally varying eddy diffusivity and
the temporally varying vertical gradient of SSC would affect the residual sediment dynamics. This would also be an important topic for further consideration.
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s.1
s.1.1

supplementary material for chapter 2
Numerical solutions of Eq. 2-1 to 2-9 of chapter 2 for different values of parameter “n"

Eq. 2-1 to 2-9 of chapter 2 can be solved numerically for any positive value
of parameter n. In this document, four cases n = 0.5, 1, 1.5 and 3 in Eq. 2-7 of
chapter 2 are considered to show the dependence of vertical profiles of tidal
current amplitude on the values of parameter n. Other parameter values are as
in Table 2-1 of chapter 2. In Figure S1-1a, vertical profiles of eddy viscosity Aσ ,
as defined by Eq. 2-7 of chapter 2, are shown for n = 0.5 and different values
of σp . The corresponding vertical profiles of the tidal current amplitude are
shown in Figure S1-1b. Clearly, no SJ-I is observed in these results. The same
conclusion applies to the case that n = 1 (results of Figure S1-1c,d). Note that
if n = 1, the tidal current amplitude increases linearly to the water surface in
the upper layer. However, in case that n = 1.5 (Figure S1-1e) the tidal current
amplitude for σp = −0.27 shows a surface jump (Figure S1-1f). If n = 3, for the
same value of σp = −0.27, the surface jump phenomenon in the tidal current
amplitude is significantly enhanced.
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Figure S1-1: a. Vertical distribution of eddy viscosity Aσ for n = 0.5 and different values
of σp . Other parameter values as in Table 2-1 of chapter 2. b. Vertical profiles of tidal
current amplitude for n = 0.5 and different values of σp . Panels c and d: as panels a
and b, bur for n = 1. Panels e and f: as panels a and b, but for n = 1.5. Panels g and h:
as panels a and b, but for n = 3.
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s.1.2

Advection terms as drivers of SJ-I/II in the vertical profile of the amplitude of a
single tidal constituent

In this electronic supplement it is shown how advection terms can potentially
result in SJ-I/II phenomena. Harmonic decomposition of tidal current yields

Ψ = Ψ + ΨM2 + ΨM4 + ...,

(S1-1)

with Ψ representing any of the tidal current components u, v and w. Here, Ψ is
the residual current, ΨM2 the semi-diurnal tide (M2 ), ΨM4 the quarter-diurnal
tide (M4 ), etc. The advection terms that (in principle) appear at the left hand
side of Eq. 2-1 of chapter 2 are

R=u

∂u w ∂u
∂u
+v
+
.
∂x
∂y
h ∂σ

(S1-2)

Substitution of Eq. S1-1 into Eq. S1-2 and subsequent collection of only M2 tidal
constituents yields
∂uM2
∂uM2
∂u
∂u w ∂uM2 wM2 ∂u
+ uM2
+v
+
. (S1-3)
RM2 = u
+ vM2
+
∂x } | {z∂x}
∂y
∂y h ∂σ
h ∂σ
| {z
| {z } | {z } | {z } | {z }
T1

T2

T3

T4

T5

T6

In the above equation, term T1 is the advection of M2 along channel momentum by along channel residual current and term T2 is the advection of along
channel residual momentum by along channel M2 tide. Furthermore, term T3
is the advection of M2 along channel momentum by cross channel residual current, term T4 is the advection of residual along channel momentum by cross
channel M2 tide, term T5 is the advection of M2 along channel momentum by
vertical residual current and term T6 is the advection of along channel residual
momentum by vertical M2 tidal current.
Now consider positive currents to be directed landward and assume (as
an example) that the M2 tidal current amplitude decreases towards the land.
In this case, the along channel tidal current obeys ∂uM2 /∂x < 0 during flood
whilst ∂uM2 /∂x > 0 during ebb. Further, note that in a typical estuary, residual
current shows a two layer structure with seaward current near the surface and
landward current near the bottom. Hence, during flood, term T1 in Eq. S1-3
is positive in the upper layer and negative in the lower layer. It causes M2
tidal momentum near the water surface to decrease and it increases M2 tidal
momentum near the bottom. Thus, in this specific case, the along channel M2
tidal current would show a subsurface jet (SJ-II) (Figure S1-2a). During ebb,
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the M2 current reverses direction, but the residual current remains the same.
The term T1 acts in the same manner and thus the SJ-II occurs in the M2 tidal
current profile during the full tidal cycle.
Next, term T2 is considered. In a weakly stratified estuary, residual current
speed typically reaches maximum values near the density front, which is somewhere inside the estuary. Hence ∂ |u| /∂x is negative on the landward side of
the front whilst it is positive on the seaside. Thus, landward of the front during
flood T2 > 0 in the upper layer (hence locally M2 momentum decreases) and
T2 < 0 in the lower layer (M2 momentum increases). This is also the case during ebb, because tidal momentum changes sign, however residual current does
not. The M2 tidal current profile thus would show SJ-II (see Figure S1-2b, right
part). A similar reasoning for term T2 in the area seaward of the density front
leads to the identification of a surface jump (SJ-I) instead (see Figure S1-2b, left
part).
Thirdly, term T3 is analysed. Typically, an estuary has a deep channel in
the middle, thus the along channel tidal current amplitude decreases from the
middle to the sides. Hence, during flood phase ∂uM2 /∂y is positive on the right
side and negative on the left when looking into the estuary (Figure S1-2c). Now,
assume a case where denser water occurs on the right side and lighter water
on the left side. This generates a lateral overturning circulation, with v > 0
(from right to left) in the lower layer and v < 0 in the upper layer (Huijts et al.,
2009). In that case, term T3 is positive near the surface and negative near the
bottom on the left shoal and it reverses on the right shoal. Consequently, T3
potentially results in SJ-I at the right side of the channel and in SJ-II at the left
side (Figure S1-2d).
To assess advection term T4 in Eq. S1-3 the lateral variation ∂u/∂y has to
be quantified. As a result of lateral depth variation, along channel residual current is directed landward in the deep channel and seaward over shallow shoals
(Friedrichs and Hamrick, 1996). It causes ∂u/∂y < 0 and ∂u/∂y > 0 on the left
and right side shoal, respectively. Furthermore, assume that during the flood,
lateral tidal current shows a clockwise structure due to Coriolis deflection of
along-channel tidal current on the North Hemisphere (Huijts et al., 2009) (Figure S1-2e). Consequently, T4 > 0 (T4 < 0) on the left (right) side near the surface
and it reverses near the bottom. This term may thus induce SJ-I at the right side
of the channel and SJ-II at the left side.
Term T5 results in no SJ-I/II phenomenon. This is because neither the vertical shear of the tidal current (∂uM2 /∂σ) nor the vertical residual current shows
a two layer structure over the water column. Finally, term T6 is considered. Vertical shear of along channel residual current is positive only near the bottom
of deep channel in the middle. It is negative near the surface of deep channel
and also on both shoals (Figure S1-2f). Hence one may obtain SJ-I only in the
middle channel and no SJ-I and/or SJ-II due to T6 (Figure S1-2g).
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Figure S1-2: a. Typical logarithmic profile of flood tidal current (solid line) is deformed
into a new profile (dashed lines) which potentially shows SJ-II due to advection term
T1 in Eq. S1-3b. The right part of this panel shows a potential SJ-II on landward of the
density front (denoted by vertical dotted line) and the left part plot shows a potential SJ-I
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the residual current (u). c. Typical cross-section in an estuary; direction into the paper is
towards the land. The curved arrow shows the overturning lateral residual current and
positive sign “+" (negative sign “−") represents ∂uM2 /∂y > 0 (< 0) during flood (ebb).
Dotted line indicates the location of the deep channel. In d, “+" and “−" indicate the
signs of T3 . e. As panel c, but “+" and“−" indicate the signs of along channel residual
current (u) in areas that are separated by the dotted lines. Lateral tidal current during
flood is represented by the curved arrow. Term T4 shows the same structure as T3 and is
presented again in panel d. f. “+" and “−" indicate the signs of vertical shear of residual
current and arrows are vertical tidal current during flood. g. As panel c, where “+” and
“−” indicate the sign of term T6 . Within the area of two vertical dotted lines, SJ-I may
occur.
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s.1.3

Code for calculating tidal current amplitude

The code is programmed in Mathematica as follows:
ClearAll@"Global`*"D
H = 10; H* water depth *L
dh0@slD = 1.5 * 10 ^ H- 5L; H* prescribed sea surface gradient at certain location *L
Avtype = 2; H* prescribed =1,linear above Av_max; =2, parabolic above Av_max; *L
z0 = 2.5 * 10 ^ H- 4L; H* roughness length *L
sp = - 0.3; H* prescribed *L
ratio = 0.01; H* ratio between A_s and Av_max *L
g = 10;
ka = 0.41; H* von Kamman constant *L
w = 1.4 * 10 ^ H- 4L; H* 1ês, frequency of imposed tidal flow *L

ü eddy viscosity coefficient
Which@
Avtype ã 1, ntype = 1,
Avtype ã 2, ntype = 2
D;
Amx = H1 + spL ^ 2 ê 4;
As = ratio * Amx;
ratio = As ê Amx;
WhichB
Avtype ã 1, sh = - 0.5 AbsAratio - 4 sp + 2 ratio sp + ratio sp2 E ,
Avtype ã 2, sh = Hratio - 4 sp + 2 ratio sp + ratio sp ^ 2L ê H2 H- 1 + spLL
F;
Ai = H1 + shL * Hsp - shL;
cp = HAi - AsL ê sh ^ ntype;
As@s_D := H1 + sL * Hsp - sL ê; - 1 § s § sh
As@s_D := cp * s ^ ntype + As ê; s ¥ sh
DAs@s_D := - 1 - 2 s + sp ê; - 1 § s § sh
DAs@s_D := ntype * cp * s ^ Hntype - 1L ê; s ¥ sh

ü tidal flow
d = ka * ustar ê H ê w;
s0 = z0 ê H;
A = d;
Pb = A * cp;
n = H- 1 + Sqrt@d + 4 * ID ê Sqrt@dDL ê 2;
nprime = H- 1 + Sqrt@Pb - 4 * ID ê Sqrt@PbDL ê 2;
sprime@s_D = H2 s + 1 - spL ê H1 + spL;
H* the following are for ntype = 1 *L
ff = As ê cp;
s3prime@s_D = 2

- I * Hs + ffL ê Pb ;

Lp@s_D = LegendreP@n, sprime@sDD; DLp@s_D = D@LegendreP@n, sprime@stDD, stD ê. st Ø s;
Qp@s_D = LegendreQ@n, sprime@sDD; DQp @s_D = D@LegendreQ@n, sprime@stDD, stD ê. st Ø s;
BI @s_D = BesselI@0, s3prime @sDD; BK @s_D = BesselK@0, s3prime @sDD;
BI1 @s_D = BesselI@1, s3prime @sDD; BK1 @s_D = BesselK@1, s3prime @sDD;
b11 = BK @shD * BI1 @0D ê BK1 @0D + BI @shD;
b12 = 2 * I ê Pb ê s3prime @shD * HBK1 @shD * BI1 @0D ê BK1 @0D - BI1 @shDL;
blin = b11 ê b12;
F1 = HLegendreP@n , sprime@shDD - LegendreQ@n , sprime@shDD *
LegendreP@n , sprime@- 1 + s0 DD ê LegendreQ@n , sprime@- 1 + s0 DDL;
F2 = - blin *
HDLp @shD - DQp @shD * LegendreP@n , sprime@- 1 + s0 DD ê LegendreQ@n , sprime@- 1 + s0 DDL;
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HDLp @shD - DQp @shD * LegendreP@n , sprime@- 1 + s0 DD ê LegendreQ@n , sprime@- 1 + s0 DDL;
F3 = HLegendreQ@n , sprime@shDD - blin * DQp @shDL ê LegendreQ@n , sprime@- 1 + s0 DD;
F = F3 ê HF1 + F2L;
G = HF * LegendreP@n , sprime@- 1 + s0 DD + 1L ê LegendreQ@n , sprime@- 1 + s0 DD;
G2 = H- LegendreQ@n , sprime@shDD ê LegendreQ@n , sprime@- 1 + s0 DD + F * F1L ê b11;
pp1 @s_D = 1 + Lp @sD * F - Qp @sD * G;
pc1 @s_D = 1 + G2 * HBK @sD * BI1 @0D ê BK1 @0D + BI @sDL;
p1 @s_D := pp1 @sD ê; s § sh
p1@s_D := pc1 @sD ê; s ¥ sh
dpp1 @s_D := D@pp1 @stD, stD ê. st Ø s;
dpc1 @s_D := D@pc1 @stD, stD ê. st Ø s;
dp1 @s_D := dpp1 @sD ê; s § sh
dp1 @s_D := dpc1 @sD ê; s ¥ sh
H* the following are for ntype = 2 *L
s2prime@s_D = Sqrt@Ai - AsD * I * s ê Sqrt@AsD ê sh;
dPds@s_D = D@LegendreP@n, sprime@sDD, sD;
dQds@s_D = D@LegendreQ@n, sprime@sDD, sD;
dPprimeds@s_D = D@LegendreP@nprime, s2prime@sDD, sD;
dQprimeds@s_D = D@LegendreQ@nprime, s2prime@sDD, sD;
b1 = LegendreP@nprime, s2prime@shDD - LegendreQ@nprime, s2prime@shDD *
LegendreP@nprime + 1, s2prime@0DD ê LegendreQ@nprime + 1, s2prime@0DD;
b2 = dPprimeds@shD - dQprimeds@shD * LegendreP@nprime + 1, s2prime@0DD ê
LegendreQ@nprime + 1, s2prime@0DD;
b = b1 ê b2;
FF1 = HLegendreP@n, sprime@shDD - LegendreQ@n, sprime@shDD *
LegendreP@n, sprime@- 1 + s0DD ê LegendreQ@n, sprime@- 1 + s0DDL;
FF2 = - b * HdPds@shD - dQds@shD * LegendreP@n, sprime@- 1 + s0DD ê
LegendreQ@n, sprime@- 1 + s0DDL;
FF3 = HLegendreQ@n, sprime@shDD - b * dQds@shDL ê LegendreQ@n, sprime@- 1 + s0DD;
FF = FF3 ê HFF1 + FF2L;
GG = HFF * LegendreP@n, sprime@- 1 + s0DD + 1L ê LegendreQ@n, sprime@- 1 + s0DD;
GG2 = HFF * FF1 - LegendreQ@n, sprime@shDD ê LegendreQ@n, sprime@- 1 + s0DDL ê b1;
ptemp1@s_D = 1 + LegendreP@n, sprime@sDD * FF - LegendreQ@n, sprime@sDD * GG;
ptemp2@s_D = 1 + GG2 * HLegendreP@nprime, s2prime@sDD - LegendreQ@nprime, s2prime@sDD *
LegendreP@nprime + 1, s2prime@0DD ê LegendreQ@nprime + 1, s2prime@0DDL;
H* Here is the expression for "p" in U = -i*p*dhêdx.
p2@s_D := ptemp1@sD ê; s § sh
p2@s_D := ptemp2@sD ê; s ¥ sh

*L

dp21@s_D = FF * dPds@sD - GG * dQds@sD;
dp22@s_D = GG2 * HdPprimeds@sD - dQprimeds@sD *
LegendreP@nprime + 1, s2prime@0DD ê LegendreQ@nprime + 1, s2prime@0DDL;
dp2@s_D := dp21@sD ê; s § sh
dp2@s_D := dp22@sD ê; s ¥ sh
ddp1 @s_D := D@dp21 @stD, stD ê. st Ø s;
ddp2 @s_D := D@dp22 @stD, stD ê. st Ø s;
H* Here is the expression for "dhdx" in U = -i*p*dhêdx. *L
H*find solution for "p"*L
Which@Avtype ã 1, p@s_D := p1@sD, Avtype ã 2, p@s_D := p2@sDD
Which@Avtype ã 1, dp@s_D := dp1@sD, Avtype ã 2, dp@s_D := dp2@sDD
u0@s_D = - I * g * dh0@slD * p@sD ê w;
du0h@s_D = - I * g * dh0@slD * dp@sD ê w;
H*find the ture local shear velocity:*L
ustar = 0.027; cc = 0.05; H* give a random value to start the iteration *L
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ustar = 0.027; cc = 0.05; H* give a random value to start the iteration *L
While@Abs@ustar - ccD > 0.001,
ustar = cc;
P = NIntegrate@p@sD, 8s, - 1 + s0, 0<D;
du0 = du0h@- 1 + s0D;
dtime = 2 * Pi ê 100; ustarvari = Array@0 &, 101D;
Array@time, 101D; Table@time@cxcD = 0 + Hcxc - 1L * dtime, 8cxc, 1, 101<D;
For@cxc = 1, cxc § 101, cxc ++,
8ustarvari@@cxcDD = ka * s0 * H1 + sp - s0L * Abs@du0D * Cos@time@cxcD - Arg@du0DD<D;
cc = Max@ustarvariD * 8 ê 3 ê Pi
D
ustar
H* Make Plots *L
imsize = 250;
Avplot = ParametricPlotA88ka * ustar * H * As@sD, s<<, 8s, - 1, 0<, ImageSize Ø imsize,
AspectRatio Ø 1, Frame Ø True, FrameLabel Ø 9"Av Hm2 êsL", "s"=E;
Umplot = ParametricPlot@8Abs@u0@sDD, s<, 8s, - 1 + s0, 0<, PlotRange Ø All,
ImageSize Ø imsize, AspectRatio Ø 1, Frame Ø True, FrameLabel Ø 8"UM2 HmêsL", "s"<D;
Ufplot = ParametricPlot@8Arg@u0@sDD, s<, 8s, - 1 + s0, 0<, ImageSize Ø imsize,
AspectRatio Ø 1, Frame Ø True, FrameLabel Ø 8"Phase UM2 HradiL", "s"<D;
Row@8Avplot, Umplot, Ufplot<, Spacer@5DD
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supplementary material for chapter 3
Results for model experiments series 2 and 3

In this electronic supplement, results for model experiments series 2 and 3
(see Table 3-3 in chapter 3) are presented. Figure S2-1 is similar to Figure 3-6
ofchapter 3, and shows vorticities related to the total ESCO current (uτ ), the
ESCO current due to M20 tide (uτ,M 0 ) and the ESCO current due to M40 tide
2
(uτ,M 0 ) for series 2. The way in which vorticities V1 and V2 are computed is
4
explained in section 3.2.8 of chapter 3.
For the experiments of this series, the longitudinal mean depth between Le
and Lc (see Figure 3-1 of chapter 3) is fixed at 10 m. With increasing bottom
slope, positive V1 in the upper vorticity layer is observed near the mouth and
in the section between 245 to 250 km (Figure S2-1a). The vorticity V2 in the
lower layer occurs in two areas of the figure. The first one is between 250 km
and the mouth and the second one is near the salt intrusion limit (the location
where mean salinity is 1 psu) (Figure S2-1b). As is shown in Figure S2-1c, the
negative V1 that is related to uτ,M 0 is observed in most of the estuary and for
2

bottom slopes between 0 and 1 × 10−4 . The maximum negative value of V1 is
obtained for the moderate slope (0.5 × 10−4 ). The vorticity V2 in layer i = 2
below the surface is observed only in the area between 0 km to 8 km, with
a maximum value for a bottom slope of 0.5 × 10−4 (Figure S2-1d). Regarding
uτ,M 0 , Figure S2-1e shows that its vorticity V1 is positive in most of the estuary.
4
Negative V1 occurs at the location around 3 km from the mouth, where also
V2 exists (Figure S2-1f), but its value is rather weak.
Figure S2-2 is similar to Figure 3-7 of chapter 3, but for all experiments in
series 2. It shows the importance of the ESCO current uτ,M 0 , its relative con4
tribution rM 0 to the depth-integrated kinetic energy of total ESCO current. Ad4
ditionally, the relative contribution rE of ESCO current to the depth-integrated
kinetic energy of the total residual current as a function of scaled distance x̃
and the bottom slope is presented. Results show two separate areas in the estuary where the ESCO current due to M40 is important (rM 0 > 0.25). One is near
4
the mouth and the other is in the upper reach 0 < x̃ < x̃m , where x̃m decreases
with increasing bottom slope. Further comparison of the total ESCO current
with the total residual current reveals that the former is relevant only in the
section 0.5 < x̃ < 1.
Figure S2-3 is similar to Figure S2-1, but for model runs of series 3, in which
the longitudinal mean depth between Le and Lc (see Table 3-3 of chapter 3)
decreases from 10 m to 7.5 m with bottom slope increasing from 0 to 1 × 10−4 . It
appears that in these cases the longitudinal distribution of the vorticity patterns
hardly changes by varying the bottom slope. Figure S2-4 is similar to Figure S22 but for model runs of series 3. It shows that the ESCO current due to M20
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Figure S2-1: Color-contour plots of vorticities V1 (upper layer, first row) and V2 (second
layer below surface, second row) as functions of longitudinal distance and bottom slope,
experiment series 2 (see Table 3-3 of chapter 3). Unit of Vn is s−1 . In this series, depth
between x = 0 km and x = Le (Le = 210 km) is 10 m and it linearly increase towards
the mouth seaward of Le . Panels in the first, second and third columns are results
related to total ESCO current uτ , and ESCO flows uτ,M20 and uτ,M40 due to M20 and M40 ,
respectively. Black solid lines denote the location where depth and time mean salinity is
1 psu. Areas in which vorticities |Vn | < 0.001 s−1 are blanked. Dashed lines are contours
of ∆S/S, where ∆S is the tidal mean top-to-bottom salinity difference that depends on
x, and S = 31 psu is the salinity at the open boundaries.
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Figure S2-2: (a) Colour-contour plot of the relative contribution rM40 of ESCO current due
to M40 tide to the depth-integrated kinetic energy of total ESCO current as a function
of scaled longitudinal distance x̃ and bottom slope, experiment series 2. Here, x̃ = 0
is the location where depth and time mean salinity equals 1 psu and x̃ = 1 is the
estuary mouth. The white contour lines indiate borders in the figure where the M40 tide
contribution to the ESCO current becomes small (rM40 < 0.05), important (rM40 > 0.25)
and dominant (rM40 > 0.5). (b). As panel (a), but for rE , i.e., the ratio between depth
integrated kinetic energy of the ESCO current and that of the total residual current.
Note colour bars of panel (a) and (b) have different ranges.

is dominant in the area 0.65 < x̃ < 0.8 for all model runs. Within the section
where the total ESCO current significantly contributes to the residual current
(0.4 < x̃ < 1), the ESCO current due to M40 is important in 0.4 < x̃ < 0.65 and
0.8 < x̃ < 1.
s.2.2

Thickness of vorticity layers

The thickness of the vorticity layers that are related to ESCO flows computed
from experiments of series 1 are presented in Figure S2-5. Panel (a) shows
the thickness of the upper vorticity layer related to the total ESCO current
uτ as a function of longitudinal distance and bottom slope. Thin layers, with
thicknesses H(σi − σi+1 ) < 0.1 m, are blanked. Small values of the thickness
of the upper vorticity layer are observed near the mouth, and they increase
towards the upper reach. The value of H(σ1 − σ2 ) reaches a maximum (about
8 m) near the salt intrusion limit. With increasing bottom slope, the thickness
of the upper vorticity layer decreases. In panel (b), the thickness of the lower
vorticity layer related to the total ESCO current uτ is given, which appears
for bottom slope larger than 0.2 × 10−4 . This layer occurs in two areas: One
is close to the mouth (already for relatively small slopes) and one is close to
the salt intrusion limit (requires larger bottom slope). Panel (c) shows the upper
vorticity layer thickness related to the ESCO current uτ,M 0 . The value of H(σ1 −
2
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Figure S2-3: As Figure S2-1, but for series 3 (see Table 3-3 of chapter 3). In this series,
depth at the mouth x = Lc is 10 m and it linearly decreases towards x = Le . The depth
landward of x = Le is constant and equals the depth at x = Le .

Figure S2-4: As Figure S2-2, but for series 3 (see Table 3-3 of chapter 3).

S.2 supplementary material for chapter 3

σ2 ) is around 4 m on the seaside of the salt intrusion limit for all bottom
slopes investigated. The thickness of the lower vorticity layer thickness of uτ,M 0 ,
2
as shown in panel (d), reaches its largest value for a moderate bottom slope
(0.5 × 10−4 ) and it is small for both flat bottom and strong sloping cases (>
0.8 × 10−4 ). Panels (e) and (f) show thicknesses related to uτ,M 0 in the upper
4
and lower vorticity layer. The thickness of the upper vorticity layer increases
from 4 m to 8 m with increasing bottom slope. However, the thickness of the
lower vorticity layer in general is less than 4 m. Note that by definition (Eq. 3-11
of chapter 3), adding up the thickness of the upper and lower vorticity layers
yields a value smaller than the water depth (also see in Figure 3-2 of chapter 3).

Figure S2-5: Color-contour plots of thickness of vorticity layers as functions of longitudinal distance and bottom slope (Experiment series 1). The panels in the first row are the
thickness of the upper vorticity layer H(σ1 − σ2 ) and the panels in the second row are
the thickness of the lower vorticity layer H(σ2 − σ3 ). The left, middle and right columns
are results related to the total ESCO current uτ , the ESCO current uτ,M20 and uτ,M40 ,
respectively. Black solid lines denote the location where depth and time mean salinity
is 1 psu. The thickness that H(σi − σi+1 ) < 0.1 m are blanked. Dashed lines denote
contours of ∆S/S. Values of the thickness are in m.

Figure S2-6 and Figure S2-7 are similar to Figure S2-5, and show the thickness of vorticity layers as functions of longitudinal distance and bottom slope
for series 2 and 3, respectively. Like in experiments of series 1, with increasing
bottom slope, thicknesses of the upper vorticity layers become smaller, but to a
lesser extent than in series 1. Moreover, thicknesses of the lower vorticity layers
for the same bottom slope are larger in series 2 and 3 than in series 1. For a
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bottom slope of 1 × 10−4 as an example, in series 1 the thickness of the lower
layer of vorticity that is related to total ESCO current uτ is 7 m near the mouth
(257 km), which accounts for 50% of the total water column (see Figure S2-5b),
whereas it is 5 m (40% of the water column) in series 2 (Figure S2-6b) and 1 m
(10% of the water column) in series 3 (Figure S2-7b), respectively.

Figure S2-6: As Figure S2-5, but for series 2.

Figure S2-8 is as Figure S2-5, but shows the thickness of vorticity layers of
series 4 (see Table 3-3 of chapter 3) as functions of the longitudinal distance and
the parameter M, where the latter is defined in Eq. 3-3 of chapter 3 and it is a
measure for the intensity of external tidal forcing. It appears that the thickness
of the upper vorticity layer H(σ1 − σ2 ) related to total ESCO current uτ is 3
to 4 m when M is small (see Figure S2-8a), and it increases to about 7 m with
M reaches 1.4. As is shown in Figure S2-8b, the lower vorticity layer related
to uτ exists between 0.8 < M < 1.1 and the thickness H(σ2 − σ3 ) is 2 to 4 m.
Panel (c) show the thickness of the upper layer with vorticity that is related to
uτ,M 0 . For M < 0.8, the thickness H(σ1 − σ2 ) is about 2 to 4 m in the estuary.
2
When M > 1.4, the value of H(σ1 − σ2 ) is about 7 m. In panel (d), the value
of H(σ2 − σ3 ) is about 4 m, which is only observed near the mouth (252 to 260
km) and in the upper reach (240 to 247 km). The upper layer of vorticity related
to uτ,M 0 , as shown in panel (e), is around 3 m for M < 1.1 and near the mouth
4
for M > 1.1. Note that the thickness of the lower layer of vorticity related to
uτ,M 0 is in general less than 3 m and is observed near the mouth for M > 1.1
4
(Figure S2-8f).
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Figure S2-7: As Figure S2-5, but for series 3.

Figure S2-8: As Figure S2-5, but for series 4: thickness H(σ1 − σ2 ) (first row) and H(σ2 −
σ3 ) (second row) of vorticity layers are plotted as functions of the longitudinal distance
and the parameter M for total ESCO current (left column), the ESCO current due to M20
tide (middle column) and due to M40 tide (right column). Parameter M is defined in
Eq. 3-3 of chapter 3 and it is a measure for the intensity of external tidal forcing.
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Figure S2-9 is as Figure S2-8 and shows thickness H(σ1 − σ2 ) of the upper
vorticity layer, and thickness H(σ2 − σ3 ) of the lower vorticity layer that are
related to uτ , the ESCO current due to diurnal tides, and that due to semidiurnal tides. Note that stratification conditions at the mouth are the same in
these cases. As is shown in panel (a), for F 0 < 0.2 (tidal forcing is primarily
semi-diurnal), the thickness of the upper vorticity layer H(σ1 − σ2 ) is about 4
m, and for F 0 > 0.2, H(σ1 − σ2 ) is about 6 m. The lower vorticity layer, which
exists only for F 0 < 0.2, H(σ1 − σ2 ) decreases from 5 m to zero (Figure S29b). Regarding vorticities related to the ESCO current induced by diurnal tides,
the thickness of the upper vorticity layer is 4 to 7 m (Figure S2-9c), whereas
H(σ2 − σ3 ) of the lower vorticity layer (Figure S2-9d) has value of less than
2 m. For the ESCO current due to semi-diurnal tides (Figure S2-9e and f), a
thin vorticity layer is mainly observed for F 0 < 0.2. The value of H(σ1 − σ2 ) is
less than 5 m and the value of H(σ2 − σ3 ), which exists mainly between 250
and 260 km, is about 4 m. With increasing F 0 , the thickness of the upper layer
increases until it becomes 4 to 6 m for F 0 = 0.95, while the lower vorticity layer
disappears.

Figure S2-9: As Figure S2-5, but for series 5: thickness H(σ1 − σ2 ) (first row) and
H(σ2 − σ3 ) (second row) of vorticity layers are plotted as functions of the longitudinal
distance and the parameter F 0 for total ESCO current (left column), the ESCO current
due to diurnal tides (middle column) and due to semi-diurnal tides (right column). The
parameter F 0 is defined in Eq. 3-4 of chapter 3 and it is a measure for the intensity of
external tidal forcing.
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The thicknesses of vorticity layers that are related to ESCO current due to
ter-diurnal tides, the quarter-diurnal tide and the long-periodic tide (Mf 0 ) are
presented in Figure S2-10. For the upper vorticity layers, the value of H(σ1 − σ2 )
ranges from 3 to 6 m (Figure S2-9a, c and e). For the lower vorticity layers,
H(σ2 − σ3 ) is smaller than 3 m (Figure S2-9b, d and f).

Figure S2-10: As Figure S2-9, but for the ESCO current due to ter-diurnal tides (left
column), due to quarter-diurnal tides (middle column) and due to the long-periodic
tide Mf 0 (right column).

s.2.3

Sensitivity of results to model inputs

Figure S2-11a shows the vertical distribution of the tidally mean salinity in the
longitudinal direction for different values of horizontal eddy viscosity Ah and
horizontal diffusivity Kh . Solid lines denote results that are computed by the
model using default Ah and Kh (Table 3-2 of chapter 3) and dotted lines are
for Ah = Kh = 5 m2 s−1 . Tide is forced by M20 with an amplitude of 0.8 m.
Compared to the default case, the model with smaller Ah and Kh produces
a similar salinity profile. The tidal mean top-to-bottom salinity difference increases about 1 − 2 psu.
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Figure S2-11: Contours of tidal mean salinity as a function of longitudinal distance
and depth computed with the model using default values of Ah and Kh (Table 3-2 of
chapter 3) (solid lines) and using Ah = Kh = 5 m2 s−1 (dotted lines). Unit of contour
values is psu.

s.3

supplementary material for chapter 4
Derivation of the model equations

s.3.1

In this supplement, some more background and details of the model equations
and solutions are given. Section S.3.1.1 contains the derivation of the equations
for the residual current in the longitudinal and lateral direction, followed by
the derivation of the residual suspended sediment concentration in S.3.1.2. The
derivation of an expression for the friction velocity that appears in the expressions for vertical eddy viscosity and diffusivity is presented in S.3.1.3.
s.3.1.1

Hydrodynamics

The hydrodynamic equations considered in this study are derived from the 3D
shallow water equations in σ−coordinates, which read

∂u
∂η
g
+ Fx − fv = −g
− D
∂t
∂x ρr
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Z0 
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Here, u, v are the the longitudinal and lateral velocity components in σ−coordinates,
respectively, t is time and σ̃ is a dummy variable. The relative depth σ =
(z − η)/D, in which D = h + η is the distance from bottom (located at z = −h)
to the free surface (η). The superscript ∗ denotes that the horizontal density
gradients in both the longitudinal and lateral direction are taken at a fixed z†
level. Note that in these equations w is defined as w = Ddσ/dt and has the
unit m s−1 .
The second term on the left hand sides of Eq. S3-1a and S3-1b are nonlinear
advection of momentum in the longitudinal and lateral directions with the
∂u
w ∂u
∂v
∂v
w ∂v
expression Fx = u ∂u
∂x + v ∂y + D ∂σ and Fy = u ∂x + v ∂y + D ∂σ , respectively.
Furthermore, f is the Coriolis parameter, g is gravitational acceleration, R is the
radius of the channel curvature and ρr is a constant reference density, and Av
is the vertical eddy viscosity coefficient.
Taking the time average of momentum and continuity over a tidal cycle
yields
Z 0  ∗
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g
∂ρ
dσ̃ >
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(S3-2c)

Here, < · > denotes an average over the tidal period. Integrating Eq. S3-1c over
the vertical and using boundary condition no-slip at the bottom and no stress
and the surface yields
∂
∂x

Z0
< uD > dσ +
−1

∂
∂y

Z0
< vD > dσ = 0.

(S3-3)

−1

Based on observed typical magnitudes of the different variables, several assumptions are made. First, tide dominated estuaries are considered, in which
the longitudinal tidal motion is much stronger than the lateral tidal motion.
Second, the local sea-surface elevation is negligible compared to mean water
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depth (η  h), which yields D ' h. The radius of estuarine channel curvature is large with respect to the channel width, so that R + y ' R. Nonlinear
advection of momentum, i.e., Fx and Fy in Eq. S3-1a and S3-1b are neglected.
Moreover, it is also assumed that the residual current caused by suppression of
turbulence due to density stratification is not considered. Many studies have
pointed out that current due to nonlinear advection (Lerczak and Geyer, 2004;
Scully and Friedrichs, 2007; Huijts et al., 2009) and variation of Av during the
tidal cycle (Burchard and Hetland, 2010; Cheng et al., 2011, 2013) contribute
to the residual estuarine circulation. Interestingly, these two contributions are
often found to partially cancel (Scully et al., 2009; Cheng, 2014). Lastly, the contribution due to curvature is neglected. Taking these statements into account
and dropping the brackets < · > yields the equations that presented in Eq. 4-2
of chapter 4.
Sediment dynamics

s.3.1.2

The three-dimensional mass balance of suspended sediment in a σ-coordinate
system reads
∂c
∂
+
∂t ∂x







∂c
∂
∂c
1 ∂
Kv ∂c
uc − Khx
+
vc − Khy
+
(w − ws )c −
= 0.
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∂y
∂y
D ∂σ
D ∂σ
(S3-4)

Here, c is the suspended sediment concentration, ws is the settling velocity and
Khx and Khy are horizontal diffusion coefficient in the longitudinal and lateral
direction, respectively. The vertical eddy diffusivity is represented by Kv . The
boundary conditions are given in chapter 4.
By performing the time average of S3-4 over the tidal cycle, it follows
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Here ( 0 ) denotes tidal components of a variable, < u 0 c 0 >, < v 0 c 0 > and <
w 0 c 0 > are sediment fluxes that are called tidal pumping terms. Tidal pumping
is found to be of minor importance in the lateral direction (Huijts et al., 2006).
However, in the longitudinal direction, tidal pumping can be significant (Dyer,
1988; Becherer et al., 2016, and references herein). Following e.g. Festa and
Hansen, 1978 and Geyer (1993), tidal pumping terms will be ignored.
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Further analysis of Eq. S3-5 reveals that its last two terms are much larger
than all previous terms. This results in Eq. 4-8 of chapter 4. If Eq. S3-5 is integrated over the vertical and boundary conditions at bottom and surface are
used, it follows Eq. 4-12 of chapter 4.
s.3.1.3

Expression for the friction velocity

To determine the value of the representative, constant friction velocity ǔ∗ in
expression Eq. 4-19 of chapter 4, the kinematic bottom stress is considered,
which by definition reads
τb
= |u∗ |u∗ ,
ρr

(S3-6)

with u∗ the friction velocity. Here, τb is the bottom shear stress of the total
current (including tides). Following Dronkers (1964) and Godin (1999), the right
hand side of this expression can be approximated as
|u∗ |u∗ = T1 u∗ + T2 u3∗ ,

(S3-7)

where T1 = u∗,max 16/15π, T2 = 2T1 /u2∗,max and u∗,max is the maximum value
of the friction velocity during a tidal cycle. Furthermore, a harmonic truncation
is applied to u∗ , i.e.,
0
,
u∗ = u∗ + ut∗

(S3-8)

0 oscillates with the frequency ω of the the prinwhere u∗ is a constant and ut∗
cipal tide and has an amplitude û∗ . Hence, u∗,max = |u∗ | + û∗ . Substitution of
Eq. S3-8 into Eq. S3-7 yields

0
|u∗ |u∗ = ǔ∗ u∗ + u†∗ ut∗
,
| {z } | {z }
τ

(S3-9)

τ0

in which the first and the second term are mean and time varying component of
the kinematic bottom stress. In chapter 4, to focus on tidally averaged motion,
only the mean stress component τ = ǔ∗ u∗ is considered, where
"
16
ǔ∗ =
u∗,max 1 + 2
15π



|u∗ |
u∗,max

2

3
+
2



û∗
u∗,max

2 !#
.

(S3-10)
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It is further assumed that
u2∗ = Cd U2res ,

û2∗ = Cd U2t ,

u2∗,max = Cd U2T .

(S3-11)

Here, Cd ∼ 1 · 10−3 is a drag coefficient, Ures , Ut and UT = Ures + Ut are
scales of the residual current, tidal current and total current. Substitution of
Eq. S3-11 into Eq. S3-10 yields the representative friction velocity for the tidally
mean stress, which is Eq. 4-20 of chapter 4.
Model solutions

s.3.2

Since the residual current system is linear, it can be decomposed into subsystems that describe current components due to different drivers. In the longitudinal direction the residual current is split into components due to the density
gradient and due to longitudinal net water discharge, with the equations and
solutions presented in section S.3.2.1. Likewise, lateral current is decomposed
into components that result from Coriolis deflection of the longitudinal current, the lateral density gradient and from leakage. The details are presented in
S.3.2.2, while S.3.2.3 contains the expression for the vertical distribution of SSC,
φ(σ, h(y)).
s.3.2.1

Solutions for longitudinal residual current components

The balance for net water transport in the longitudinal direction reads
∂ηQ 1 ∂
0 = −g
+
∂x
h ∂σ



Av ∂uQ
h ∂σ


.

(S3-12)

Integration of the continuity equation (Eq. 4-2c) over the width and using
boundary conditions Eq. 4-4a and b yields
∂
∂x

ZB Z0
huQ dσdy + q0 f(x) = 0.

(S3-13)

−B −1

To obtain the solution for uQ , Eq. S3-12 is first integrated from the bottom up
and then from the surface down with applying conditions no-slip at the bottom
and no stress at the surface. The water slope due to net water transport is found
by integrating S3-13 from x = 0 to x and using boundary condition Eq. 4-7 of
chapter 4.
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The equations for density driven current in the longitudinal direction are


Z0
g
∂ud
∂ρ
∂ηd
1 ∂
Av
,
h
dσ̃ = −g
+ 2
ρr σ ∂x
∂x
∂σ
h ∂σ
ZB Z0
hud dσdy = 0.

(S3-14a)
(S3-14b)

−B −1

Similarly, integrating Eq. S3-14a in the vertical direction twice and using the
boundaries yields the expression for ud , in which the water slope is obtained
by using Eq. S3-14b.
The expressions for each residual current component and its corresponding
water slope in the longitudinal direction read
∂ηQ
p1 ,
∂x
∂ηd
1 ∂ρ
ud =
p1 −
p2 ,
∂x
ρr ∂x

∂ηQ
= Q/P1 ,
∂x
∂ηd
1 ∂ρ
=
P2 /P1 .
∂x
ρr ∂x

uQ =

(S3-15a)
(S3-15b)

The polynomials used in Eq. S3-15a and S3-15b are
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κǔ∗ (1+σp )

I




 000

0
2 ln σ 00
σ
−
ln
σ
+
σ
for σ 6 σh ,
p
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κǔ∗ (1 + σp )

p2 |σ=σh =


 000
0
00
−gh2
σh − ln σh + σp 2 ln σh ,
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Zx
q0 f(x)dx + Qr .

Q=
0

Note that the capital “P” represents the cross-sectional integration of polyRB R0
nomial p, i.e., −B h −1 p dσdy.
s.3.2.2

Solutions for lateral residual current components

The equations for the lateral current due to Coriolis deflection of the longitudinal residual current are

fu = −g
∂
∂y

Z0

∂ηf
1 ∂
+ 2
∂y
h ∂σ



∂v
Av f ,
∂σ

(S3-16a)
(S3-16b)

hvf dσ = 0.
−1

Those for the residual current due to the lateral density gradient read


Z0
g
∂ρ
∂ηd
1 ∂
∂vd
h
dσ̃ = −g
+ 2
Av
,
ρr σ ∂y
∂y
∂σ
h ∂σ
ZB Z0
hud dσdy = 0.

(S3-17a)
(S3-17b)
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Finally, the equations


∂ηR 1 ∂ Av ∂vR
0 = −g
+
,
∂y
h ∂σ h ∂σ
Z
Z
∂ 0
∂ 0
huQ dσ +
hvR dσ = 0
∂x −1
∂y −1

(S3-18a)
(S3-18b)

describe the residual current due to leakage. The corresponding solutions are

vj =

∂ηj
p1 − pj ,
∂y

∂ηj
=
∂y

Z0

Z0
hpj dσ/

−1

(S3-19)

hp1 dσ,
−1

with “j” denoting the lateral residual component due to Coriolis (“f”), lateral
density gradient (“d”) and leakage (“R”), with

pf =

h
κǔ∗

pR = −

Z σ R0

∂
∂x

−1

Zy

−B

h
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s.3.2.3

Solution for the vertical distribution of SSC

The dimensionless function φ(σ, h(y)) in Eq. 4-11 of chapter 4 describes the
vertical distribution of SSC. Its solution reads







φ(σ, h(y)) =

i
h
0 exp δ ln(σp −σ)−ln(1+σ) ,
Pc1
K
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σ > σh .

Here,

δK =
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,
Sc κǔ∗
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s.3.3

ln(σp − σh ) − ln(1 + σh )
1 + σp



The sediment transport caused by curvature induced lateral current

The equation that governs the residual current due to curvature (vc ) reads
< u 0u 0 >
∂ηc
1 ∂
−
= −g
+ 2
R
∂y
h ∂σ
Z0
∂
hvc dσ = 0.
∂y −1



∂vc
Av
,
∂σ

(S3-21)
(S3-22)

The boundary conditions for Eq. S3-21 are no-slip at the top of roughness height
and free stress at the water surface.
Now the forcing < u 0 u 0 >/R of vc is compared with the forcing f < u >
of lateral current due to Coriolis deflection of the longitudinal residual current.
The ratio of these two forcings is of order (U2t /Rmin )/fUR . Here Ut , UR are
velocity scales of tidal current and residual current in the longitudinal direction.
Note that this can be further written as (Ut /UR )/Ro , in which Ro = Ut /(fRmin )
is the Rossby number. In the North Passage of the Yangtze Estuary, Rmin =
50 km (Table 4-1 of chapter 4) and field data are used to estimate the scales
of Ut and UR during spring tide and neap tide, respectively. It is found that
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(Ut /UR )/Ro is of order 1 during spring tide and (Ut /UR )/Ro  1 during neap
tide.
It implies that the magnitude of the residual current vc induced by curvature is comparable to residual current vf induced by Coriolis deflection of
longitudinal residual current during spring tide, but it is much weaker than
the latter during neap tide. Note that vc only acts in the curved part of the
channel, where the current driven by lateral density gradient and leakage are
much larger than vf (Figure 4-12 of chapter 4). Thus, for this setting curvature
induced lateral current can be neglected. In contrast, the residual current due
to Coriolis deflection of longitudinal current is active in the entire channel and
is of similar order as the lateral density driven current.
s.3.4

Evidence of water leakage at the sampled transects

R0
Figure S3-1 shows the net water transport rate −1 ~uhdσ, where ~u is the horizontal velocity vector, at cross-section A (black arrows) and B (red arrows)
during spring tide (a) and during neap tide (b). At both two cross-sections,
a northward directed water transport component is observed. During spring
tide, at the cross-section A (which is closer to the curve), the northward directed component is stronger than that at the cross-section B. During neap tide,
the northward directed component is weak both at two cross-sections.
s.3.5

Sensitivity of results to model inputs

In case the water leakage at the noruth side of the curved segment is compensated by inflow at the south bank, Eq. 4-6 of chapter 4 becomes
Z0
hvdσ = fc

at

y = −B,

(S3-23a)

hvdσ = q0 f(x)

at

y = B.

(S3-23b)

−1
Z0
−1

Rx
Here, fc = L−1 x12 R̆−1 dx is given in chapter 4. Correspondingly, Eq. 4-7 of
chapter 4 becomes

f(x) =

1/R̆,
0,

0 6 x 6 x1

x1 6 x 6 x2 ,
and x2 6 x 6 L.

(S3-24)
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Figure S3-1: Net water transport rate at two sampled transects in the North Passage
of the Yangtze Estuary during (a) spring tide and during (b) neap tide. Black and red
arrows denote results for transects A and B, respectively.

Moreover, Eq. S3-16a and S3-16b read

Ty = qsed fc

at

y = −B,

(S3-25a)

Ty = qsed f(x)

at

y = B.

(S3-25b)

The modelled near bed SSC distributions for model runs RS and RN, but
with the compensation of leakage occuring at the southern regulation line is
shown in Figure S3-2. It turns out that the SSC structures are similar to that
of the of default runs (see Figure 4-13a and b of chapter 4). Figure S3-2c and
d show model results for different values of n in Eq. 4-25 of chapter 4. Comparing with results of default run (see Figure 4-13a), the overall near bed SSC
distributions are hardly changed.
Figure S3-3a shows the transverse distribution of residual current in crosssection T1 during spring tide. The overall structure is similar to that of the
default runs as in chapter 4. The main difference is when a constant As is used
in the model, the maximum seaward current is found at the surface above the
two shoals. Larger SSC values are attained in the lower reach of the estuary.
Moreover, two high SSC values occur near both the south and north sides of
the middle section of the estuary (Figure S3-3b). During neap tide, a clear two
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Figure S3-2: Near bed (σ = −0.95) distribution of SSC (in kg m−3 ) in the estuary (a)
during spring and (b) during neap tide in the case that the compensation of water
leakage occurs at the south regulation line. (c) and (d) are as (a) and (b) but for the
model run RS with n = 0.5 and n = 2 in Eq. 4-25 of chapter 4, respectively. Triangles at
37 km and 39 km denote the location of transects T1 and T2 in the longitudinal direction,
respectively.

layer structure with landward current is observed in the lower part of the deep
channel and near the north side. Near the water surface, the maximum seaward
current is also found at the two shoals (Figure S3-3c). The maximum values of
SSC are obtained at both the south and north sides inside the estuary (Figure S33d). The pattern in this figure is similar to that is shown in Figure 4-13a of
chapter 4.
Figure S3-4 displays the near bed SSC distribution of model runs that using
different values of qsed , Qsed . Results show that the choice of these parameters
will locally change the value of SSC, however does not significantly affect the
overall structure of SSC in the model domain.

S.3 supplementary material for chapter 4

Figure S3-3: a. Transverse distribution of longitudinal residual current (in cm s−1 ) in
T1 and b. near-bed distribution of the SSC (in kg m−3 ) result from the model run that
As = 0.005 during spring tide. Plots (c) and (d) are the same as (a) and (b), respectively,
but during neap tide. Orientation in (a) and (c) is into the estuary. In (b) and (d), triangles
at 37 km and 39 km denote the location of transects T1 and T2 in the longitudinal
direction, respectively.

Figure S3-4: Near bed (σ = −0.95) distribution of the SSC (in kg m−3 ) for the model run
RS but with (a) qsed = 0.05 kg s−1 m−1 , (b) qsed = 0.2 kg s−1 m−1 , (c) Qsed = 700kg s−1 ,
(d) Qsed = 900kg s−1 .
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